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PREFACE

Standard Reference Materials (SRM's) as defined by the
National Bureau of Standards are "well-characterized mate-
rials, produced in quantity, that calibrate a measurement
system to assure compatibility of mecasurement in the nation.™
SRM's are widely used as primary standards in many diverse
fields in science, industry, and technology, both within the
United States and throughout the world. In many industries
traceability of their quality control process to the national
measurement system is carried out through the mechanism and
use of SRM's. For many of the nation's scientists and tech-
nologists it is therefore of more than passing interest to
know the details of the measurements made at NBS in arriving
at the certified values of the SRM's produced. An NBS series
of papers, of which this publication is a member, called the
NBS Special Publication - 260 Series is reserved for this
purpose.

This 260 Series is dedicated to the dissemination of
information on all phases of the preparation, measurement,
and certification of NBS-SRM's. In general, much more de-
tail will be found in these papers than is generally allowed,
or desirable, in scientific jourmnal articles. This enables
the user to assess the validity and accuracy of the measure-
ment processes employed, to judge the statistical analysis,
and to learn details of techniques and methods utilized for
work entailing the greatest care and accuracy. It is also
hoped that these papers will provide sufficient additional
information not found on the certificate so that new appli-
cations in diverse fields not foreseen at the time the SRM
was originally issued will be sought and found.

Inquiries concerning the technical content of this
paper should be directed to the author(s). Other questions
concerned with the availability, delivery, price, and so
forth will receive prompt attention from:

Office of Standard Reference Materials

National Bureau of Standards
Washington, D.C. 20234

J. Paul Cali, Chief
Office of Standard Reference Materials
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Glass Filters as a Standard Reference Material
for Spectrophotometry
Selection, Preparation, Certification, Use
SRM 930

R. Mavrodineanu and J. R. Baldwin

Analytical Chemistry Division
Institute for Materials Research
National Bureau of Standards
Washington, D.C. 20234

This publication describes various factors which can
affect the proper functioning of a spectrophotometer and
suggests means and procedures to assess and control these
factors. Particular consideration is given to the long and
short term stability of a spectrophotometer, to the wave-
length accuracy, the spectral bandpass, the stray radiation,
and the accuracy of the transmittance or absorbance scale.

A description is given of the means and Standard Reference
Materials (SRM's) which can be used to control these factors,
together with the methods for the preparation, certification,
and use of such materials (SRM 930). The results obtained
in actual use of SRM 930 are examined in some detail. An
Appendix contains the reproduction of several publications
relevant to the subject discussed in this work.

Key Words: Accuracy in spectrophotometry; glass filters;
spectral bandpass; spectrophotometry; standard reference

materials; stray radiation; testing of spectrophotometers;
transmittance (absorbance) accuracy; wavelength accuracy.



1. GENERAL

Among the measuring techniques available to the analyst
for the detection and determination of a large number of
chemical species in a large variety of matrices, spectropho-
tometry constitutes a valuable tool of major significance.
This is due largely to the inherent characteristics of high
sensitivity and. good specificity of the method, associated
with the need for only relatively simple instrumentation and
straightforward sample preparation methodology. For these
reasons spectrophotometric procedures are used in practically
all fields of science, where chemical analytical measurements
are required. As mentioned by Rand (1) of 147 analytical pro-
cedures used in clinical chemistry laboratories, 84 require
the use of spectrophotometry, and of 430,000 analyses per
year, performed only in one hospital, 300,000 required mea-
surements by spectrophotometric procedures. In such a
laboratory, 800 to 1,000 determinations are made daily by
spectrophotometry.

From the information given by Rand in 1972 (1), a con-
servative estimate of analyses made by spectrophotometry
indicates that more than 1,000,000 such tests are performed
daily in the clinical laboratories in this country, and this
figure increases by approximately 15 percent per year.

These considerations refer to clinical laboratbries
alone, and to these one should add the numerous other areas
such as the general field of scientific research, industry,
agriculture, . environmental sciences, etc., where spectropho-
tometry represents a major analytical technique.

In spite of this wide use of spectrophotometry, no suit-
able standards were available to verify the stability of the
spectrophotometer, and no adequate reference material was
available to verify the accuracy of the transmittance or
absorbance scale of the instrument. This situation is even
more surprising when one considers the wide discrepancies
obtained in interlaboratory comparisons of spectrophotometric
data (2,3,4,5,6,7). Under these circumstances a program was
initiated at the National Bureau of Standards (NBS) in the
Analytical Chemistry Division of the Tnstitute for Materials
Research in July 1969, with the objective to provide the
analytical chemist with means to verify that his spectropho-
tometer functions properly and that it produces reliable and
meaningful data. This decision was taken in response to the
requests received from scientists using spectrophotometry in
all areas of science, and more specifically from the analyt-
ical chemists who use spectrophotometry in clinical and
pathological laboratories (8).



The planned program was implemented in 1970 through the
design and construction, in the Analytical Chemistry Division,
of a high-accuracy spectrophotometer (8,10) which was used to
produce two Standard Reference Materials (SRM's), SRM 930 (a
and b), Glass Filters for Spectrophotometry, and SRM 931,
Liquid Filters for Spectrophotometry. These SRM's were issued
in 1971. A third SRM 932, Quartz Cuvettes for Spectrophotom-
etry, was added in 1973 and was produced in association with
the Optical Physics Division of the Institute for Basic Stan-
dards at NBS. SRM 932 was intended to be used in association
with SRM 931 and for all measurements requiring accuracy in
the determination of transmittance in solutions. A detailed
description of this SRM and of the techniques developed at
NBS for its production and certification is given in reference
9 which is reproduced in the NBS Special Publication 260-32,
issued in December 1973. This publication is available from
the U. S. Government Printing Office, Washington, D.C. 20402,
under SD Catalog No. C13.10:260-32, price 55 cents.*

SRM 930 (a,b) consists of a set of three glass filters
having nominal transmittances of 10, 20, and 30 percent from
440 nm to 635 nm. These glasses are calibrated and certified
for optical transmittance at 440.0 nm; 465.0 nm; 590.0 nm;
and 635.0 nm. These wavelengths were selected in accordance
with the transmission characteristics of the glass. An
additional certification at 546.1 nm, corresponding to the
mercury green radiation, was provided with the more recent
SRM 930b. SRM 930 is a transfer standard reference material
which can be used to determine and monitor the short and long
term stability of a spectrophotometer and to verify the
accuracy. of its transmittance and absorbance scales.

This publication is intended as a practical guide for
the proper calibration of spectrophotometers and the use of
SRM 930 and contains data presented in a simple and straight-
forward manner. The reader interested in the more fundamental
problcems associated with high-accuracy spectrophotometry and
luminescence measurements is advised to consult the publi-
cations listed in reference 10 together with the papers
mentioned in those publications. Reprints from several papers
closely related to the subject discussed in this publication
are reproduced here in the Appendix Section as a convenience
to the reader.

* See Appendix 1 for NBS-SRM ordering information.



2. INTRODUCTION

Factors Affecting the Proper Functioning of a
Spectrophotometer

There are a number of factors which can affect the proper
functioning of a spectrophotometer and prevent the acquisition
of meaningful data. Some of these factors are:

a. The short and long term stability.

It is related to the instruments mechanical, optical, and
radiation measuring design and to the quality of the materials
and workmanship used to implement the design. The conditions
under which the instrument is operated, such as vibration,
humidity and temperature, dust and -corrosion, will also affect
its stability. Other critical factors are the short and long
term stability of the radiation source, the reproducibility
of the positioning of the sample holder and carriage, and the
stability of the read-out system.

b. The wavelength accuracy.

This is a function of the stability of the optical system
and of the accuracy of the wavelength scale, or wavelength
cam, and its reproducibility.

c. The spectral bandpass of a spectrophotometer.

This is the spectral interval AX in wavelength which dx
emerges through the exit slit w of the instrument: A = w <

where g% is the linear dispersion of the spectrophotometer.

It is a parameter which depends on the optical design and of
the associated elements: grating, prism, or filters used in
the instrument. The magnitude of the spectral bandpass for

a specific spectrophotometer over the whole spectral range of
the instrument is important information that is provided by
the manufacturers of the particular instrument.

d. The accuracy of the transmittance or absorbance
scales,

This is the capability of a spectrophotometer to measure
ratios of radiant fluxes with a known accuracy and to produce
true transmittance (T) or absorbance (A) measurements. This
fundamental parameter is determined ultimately by the linearity
of the detection system, when the other parameters such as
wavelength accuracy, adequate spectral bandpass, and photo-
metric precision are under control.



e. Stray radiations.

They can originate in the spectrometer and in the sample
compartment. The stray radiation produced in the spectrometer
is the radiant energy at wavelengths different from those of
the nominal spectral bandpass transmitted through the instru-
ment at a particular wavelength. The stray radiation in the
sample compartment is the radiant energy which falls on the
photgsensitive detector without passing through the absorbing
sample.

. f. Conditions associated with the stability of the
analytical sample (color reaction) and its homogenéity.

Dissociation and association reactions, radiation scatter
inside the sample, polarization, fluorescence, temperature,
particulate matter, and surface conditions can affect, in a
significant manner, the accuracy of the measurements.

These conditions are characteristics of the analytical
sample and of the chemical reactions involved in the spectro-
photometric process and are to a large extent independent of
the spectrophotometer used for the measurements. However,
since these factors can affect the precision and accuracy of
the measurement, they are mentioned here to remind the analy-
tical chemist that he must be aware of their existence, and
that he must evaluate their magnitude in the particular analy-
tical process considered before proceeding with the actual
measurement. As a result of his knowledge, he must be able
to select the most adequate analytical procedure for the
matrix and chemical species under consideration, and to
establish ways to eliminate, minimize, or compensate for
these causes of errors.

From the factors mentioned above, those which are rele-
vant to the subject discussed in this publication will be
examined in more detail.

3. MEANS AND PROCEDURES TO ASSESS AND CONTROL SOME OF THE
CT T ROPER FUNCTION D CURACY

OF A SPECTROPHOTOMETER.

3.1 Short and Long Term Stability

The short and long term stability of a spectrophoto-
meter can be verified and monitored by using glass filters
specially selected for this purpose. Stable radiation sources,
such as tritium-activated luminescent materials, could be
considered for the same purpose (11). The use of such a
source, however, is not always possible due mainly to problems
associated with the design and operation of the instrument.

5
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From the’ several kinds of glass filters which can be.
used, those constituting SRM 930 (a or b) are most suitable.
The optical characteristics of these glass filters are dis-
cussed in Section 4; however, since the stability of a
spectrophotometer is the first test which should be carried
out, we will describe their use now.

As a general rule, it is desirable to place the spectro-
photometer in a clean laboratory and in an area where the
temperature is as constant and reproducible as possible,
protected from direct sunlight, sudden changes of temperature,
corrosive atmosphere, dust, and vibration.

The tests should be carried out after the instrument was
vérified by the manufacturer, and was found to perform well
and to meet all the required specifications. After an initial
warming-up period, the '"0'" and '"100" rcading on the scale is
verified, following the procedure described by the manufacturer
of the particular instrument, the wavelength dial is set at a
selected value, usually the one at which the transmittance of
the analytical sample will be determined, e.g. 635.0 nm, and
one of the glass filters in its metal holder having the
nominal transmittance of 30 percent is inserted in the sample
compartment. The reference compartment or '"blank" is left
empty. The transmittance of the glass filter is measured
following the method specified by the manufacturer, and the
results recorded. This procedure is repeated at all wave-
lengths at which the analytical samples will be measured.
Similar transmittance measurements are performed using the
glass filters having a nominal transmittance of 20 percent
and 10 percent. The temperature at which these measurements
are made should also be recorded. In this manner, the per-
formance of the instrument is determined over the working
spectral range for a transmittance interval and at a temper-
ature which covers most of the conditions of analytical
determinations under consideration.

The values obtained are then displayed in a graphical
form, by plotting the transmittance found for every wavelength
on the ordinate, and on the abscissa the date at which these
measurements were made. An example of such a graph is given
in figures la and b for only two wavelengths: 635.0 nm and
§90.0 nm, Similar graphs should be made for the wavelengths
of interest and for the 10 percent, 20 percent, and the 30
percent nominal transmittance filters. Since the laboratory
in which the measurements shown in figure 1 were made is
provided with controls which maintain the surrounding temper-
ature at 24.0 °C + 1 °C, this was recorded on the graphs as
a common value for all measurements. When solutions are
used, the temperature of the liquid in the cuvette should be
determined. Where the temperature changes from measurement

7



to measurement, its value should be recorded and written on

the graph under the corresponding transmittance value. 'The

procedure described above should be performed every time the
spectrophotometer is used, before, and preferably after, the
analytical work is carried out.

The data plotted in figures la and 1b were obtained with
a commercial spectrophotometer provided with a quartz prism
double spectrometer, and a transmittance scale divided in
1000 units between 0 and 100 transmittance readings. The
size of each division and the stability and reproducibility
of the instrument is sach that it permits visual interpolation
between each division, to fractions of a division; hence, the
ordinate scale on the graphs (figs. la and b) was selected
to reflect this resolution.

An examination of the data shows that the stability of
the instrument as expressed by the transmittance value,
operated at 24.0 °C, and from October 22 to February 5, varied
from 32.17 percent T to 32.28 percent T with an average of
32.23 T percent at 635.0 nm. At 590.0 nm the equivalent values
were 30.79 percent T and 30.90 percent T with an average of
30.85 percent T. The spread is in both cases 0.11 percent
'of T. This spread results from the inherent instability of
the instrument and of the glass filters used. This situation
changed markedly on February 8 when a transmittance of 31.94
percent and 30.59 was found at 635.0 nm and 590.0 nm respec-
tively. Since these values largely exceeded the specified
spread established for this particular instrument by the manu-
facturer, a field engineer from the manufacturer was called
in., An examination of the spectrophotometer revealed that a
potentiometer was malfunctioning. After replacement of this
faulty part the instrument was tested again on February 18,
and the transmittance values, measured on the same glass
filters, were within the established spread of the instrument,
as seen in figures la and 1b, indicating that the spectro-
photometer was again performing according to its specifications.
This example illustrates the usefulness of the short and long
term stability tests described in this paragraph since this
permits detection and diagnosis of possible malfunctions in
an instrument before such malfunctions would affect the
validity of measurements. It is obvious that similar control
charts can be prepared using absoerbance values.

The periodic verification of the stability of spectro-
photometers as described above and illustrated in figures 1la
and 1b, is used in these laboratories routinely. This procedure
is highly recommended to all users of such instruments, and is
performed, as has already been mentioned, with the help of
specially selected glass filters. It should be added here
that the precision of such tests, however, cannot exceed the

8
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stability of the glass filters; this parameter will be dis-
cussed in Section 5.1 for the material used in this work.

3.2 Wavelength Accuracy

Although the test discussed in paragraph 3.1, may show
that a spectrophotometer exhibits a good stability, large
errors in the accuracy of its wavelength scale may produce
unreliable measurements.

‘'The wavelength accuracy of a spectrophotometer can be
verified by the use of (a) an emission source capable of
producing discrete radiations of suitable intensity and
adequately spaced throughout the spectral range of interest,
e.g., 200 to 800 nm, or (b) by using glass filters with sharp
absorption bands.

(a) Adequate sources of discrete radiation, of well-
known wavelengths, most suitable for use in the calibration
of the wavelength scale of a spectrophotometer, are the low
pressure quartz discharge tubes containing mercury vapor,
helium, or neon. Such tubes are available commercially from
the manufacturers of laboratory instrumentation at reasonable
prices. The discharge tube has a cylindrical shape with a
total length of 120 mm from which a 50 mm portion constitutes
the quartz discharge tube; this tube should be placed imme-
diately in front of the entrance slit of the spectrometer.

(b) Wavelength calibrations can be made by using a glass
filter having a number of strong and narrow absorption or
transmission bands suitably spaced over the spectral range of
interest. Two materials have been used or suggested for this
purpose: glasses containing rare-earth oxides, such as
didymium glasses and holmium oxide glasses. They have been
used for many years at the National Bureau of Standards. The
transmission characteristics of these two glasses are illus-
trated in figures 2 and 3.

A detailed description of the properties and use of low
pressure discharge tubes and of glass filters with sharp
absorption bands is given in an NBS Letter Circular LC-1017:
"Standards for Checking the Calibration of Spectrophotometers
by K. S. Gibson, H. J. Keegan, and J. C. Schleter, reissued
in January 1967. Part of this paper is reproduced in the
Appendix Section of this publication (reprint 3). Further
recommended practice can be found in the Manual on Recommended
Practices in Spectrophotometry published by the American
Society for Testing and Materials, 1916 Race Street, Phila-
delphia, Pa., 19103,

"

11
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The Bureau is in the process of certifying as Standard
‘Reference Materials didymium and holmium oxide glasses. These
SRM's will have increased wavelength accuracy in comparison
to and will replace the didymium and holmium oxide glasses
offered by NBS through the Office of Measurement Services.

For those who wish further information on this subject, the
reader should consult W. H. Venable of the Institute for
Basic Standards at NBS.

3.3 Spectral Bandpass

As mentioned in Section 2, the spectral bandpass over
the entire spectral range for various slit widths is an
instrumental parameter which should be provided by the manu-
facturer. For spectrophotometers with prisms or gratings,
the spectral bandpass (A)) is related to reciprocal linear
dispersion (dA/dx) and slit width (w) by AX = w dA/dx.

For example, for an instrument with a reciprocal dispersion
of 15 nm/mm and a slit width of 0.2 mm, the bandpass is

3.0 nm. For prism instruments, the reciprocal dispersion

and therefore the bandpass vary with wavelength. The follow-
ing discussion will be limited to the influence of this often
neglected and important parameter on the measurements of '
transmittance for the glass filters discussed in this publi-
cation.

Two types of filters were used having a transmittance
which varies only moderately with wavelength: the Chance#*
ON-10 and Schott NG-4 optically neutral glasses. A neutral
glass #8364 produced by Corning was also included in this
study. However since this filter produced results similar
to those found for the Chance ON-10 glass it will be discussed
together with the later glass filter.

The transmission characteristics of these glasses as a
function of wavelength in the spectral interval of 350 nm to
700 nm were obtained using a Cary 14 spectrophotometer and an
adequate instrumental bandpass. The results are illustrated
in figure 4, where it can be seen that the Corning 8364 and
Chance ON-10 glasses exhibit similar characteristics. Figure
4 also shows that these glasses have an absorbance, or trans-
mittance, more dependent on wavelength than the Schott NG-4
glass. The transmittance of these last two glasses was then

* The identification of commercial instruments and products
is given only to permit reproduction of the work described in
this publication. In no instances does such identification
imply recommendation or endorsement by the National Bureau of
Standards, nor does it imply that the particular equipment or
product is necessarily the best available for the purpose.

13
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|| are susceptible to provide accurate T values when compared

with those made with a larger spectral bandpass | | (8).
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of a Schott NG-4 glass filter measured at 440 nm;
465 nm; 590 nm; and 635 nm (8).
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measured at four wavelengths as indicated in figure 5 and 6,
using this time variable slit widths, and consequently various
spectral bandpasses, from 0.5 nm to 100.0 nm, using a Cary 16
spectrophotometer.

Figure 5 illustrates the dependence of the transmittance
for the Chance ON-10 (and Corning 8364) on the spectral
bandpass at 400.0; 445.0; 490.0; and 590.0 nm. It can be
seen that the transmittance varies with the bandpass, and
that this dependence is stronger at the wavelengths where
the glass has a stronger and sharper absorption band. For
instance, at 400.0 nm a rather narrow spectral bandpass of
0.5 nm will be required for this type of glass to obtain an
accurate transmittance value, everything else being equal
and in particular the wavelength and photometric scale
accuracy, while at 490.0 nm a spectral bandpass of 15 nm
would he adequate. The same dependence, but to a smaller
extent, is illustrated in figure 6 for a Schott NG-4 glass,
and here it can be seen that larger spectral bandpasses
could be used to produce accurate transmittance values.

This transmittance-spectral bandpass dependence is
summarized in the graph from figure 5 at the upper left
corner, where it can be seen that the use of wider spectral
bandpasses will produce the inaccurate T; and T, values
when compared with T7 and T;, which are theoretically the
correct values. As a general rule the value of the spectral
bandpass required to produce accurate transmittance measure-
ments with an uncertainty not greater than 0.1 percent, should

be 7% of the symmetrical natural spectral bandwidth, at half

intensity, of the material to be analyzed and at the wave-
length at which the measurement is performed. When this
information is not available, it can be determined by measur-
ing the transmittance (or absorbance) of the material at the
wavelength of interest, using various spectral bandpasses

(or slit widths) as illustrated in figures 5 and 6. The
largest bandpass or slit width which can be used is given by
the value found at the end of the horizontal portion of the
transmittance-spectral bandpass curve.

The selection and use of adequate spectral bandpass is
one of the indispensable conditions which must be fulfilled
'~ to obtain true transmittance values,.
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3.4 Stray Radiations

The measurement of stray radiation in the monochromator,
that is, the radiation energy at wavelengths different from
those of the nominal spectral bandpass transmitted through
the instrument, is not easy or infallible. A detailed
discussion of this instrumental parameter was given in an
ASTM Standard Method (13), which is reprinted in the Appendix,
reprint 7. The procedure recommended in this work should be
used to determine this parameter in the spectral range of
interest.

The stray radiation generated inside the photometric
system is defined as the radiant energy which falls on the
photosensitive detector without passing through the absorbing
sample. This stray radiation is usually produced by re-
flections and scattering of radiations on the optical and
mechanical parts located between the exit slit of the mono-
chromator and the photodetector. The measurements can be
performed using a maximum slit opening and by placing a
front surface mirror at the sample position, which reflects
to the instrument all radiations received from the exit
slit imaged at the mirror surface. In this way, a maximum
stray radiation condition will be generated in the spectro-
photometer. The measurements should be performed at the
wavelength of interest by determining the dark current of
the photomultiplier with the shutter in the closed position
at the photodetector. The mirror is then placed at the sample
position, the shutter is opened and measurements should be
made again. The differences between the two measurements are
an indication for the presence and amount of stray radiation
generated under these circumstances in the sample compartment
of the-spectrophotometer.

3.5 Accuracy of the Transmittance or Absorbance Scales

This is an essential condition which must be fulfilled
by a spectrophotometer for production of accurate trans-
mittance or absorbance values.

Optical transmittance is due to an intrinsic property
of matter and characterizes a particular transparent mate-
rial. Since this parameter is not known a priori, it must
be determined by experimental procedures.

True transmittance values can be obtained only by using
accurate measuring techniques and by taking into consider-
ation all factors which can affect and distort the data. 1In
this discussion the optical transmittance T of a solid mate-
rial includes the reflection losses which occur at the air-
solid interface. The internal transmittance Ti is defined
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as the transmittance of the material corrected. for reflection
losses. This internal transmittance can be calculated in
principle from the transmittance by using the well-known
Fresnel equations as shown in reprint 4 in the Appendix. The
internal transmittance is obtained experimentally when the
measurements are made using a blank sample in the reference
beam of the spectrophotometer. When a blank is not available,
as in the case of SRM 930, the measurements are made against
air in the reference beam. Under these circumstances the
resulting transmittance value includes the reflection losses
(which are about 8 percent for a glass filter having an index
refraction of 1.5). A discussion of this subject by Mielenz
is given in reference 10. The absorbance A of a material is
related to the internal transmittance Ti by the expression

A = -log,¢Ti while the optical density D is related to the
transmittance T by the expression D = -log;,T.

Transmittance is the ratio of two radiant fluxes. It is
therefore necessary that the transmittance scale of the
spectrophotometer be accurate. The transmittance of a par-
ticular material is also a function of wavelength; hence the
wavelength scale of the monochromator should also be accurate,
and appropriate spectral bandpasses should be used. These
conditions were examined in the previous paragraphs. The
measurements should be made using collimated radiation. Such
radiations define unambiguously the actual path length through
the transmitting medium, the reflection losses, and eliminate
the effects of polarized radiations that are produced at the
surface of the sample (See Appendix, reprints 4 and 5). Other
important factors, already mentioned, which must be considered
are: homogeneity and stability of the sample, radiation
scatter inside the sample, interference phenomena, stray
radiation, polarization, fluorescence, temperature, particu-
late matter, and surface conditions. Since transmittance
measurements depend on a diversity of factors, meaningful
values can be obtained only by defining the experimental
conditions for obtaining transmittance data.

Spectrophotometers are used to perform two types of
measurements:

(1) Quantitative determination of chemical species
using the relation between optical transmission of the
material, and the concentration as a measuring parameter.
Under these circumstances, the photometric scale of the
spectrophotometer is calibrated in meaningful units, using
a series of reference solutions having known concentrations
of the species to be determined, rather than values of
optical transmittance.

The accuracy of the measurements is related solely to
the accuracy with which the concentration of the reference

18
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solutions is known and to the precision (stability, sensi-
tivity) of the spectrophotometric method and instrument used.
The accuracy of the transmittance or absorbance scale per se,
is not a critical factor in such measurements,

The precision and stability of the instrument are, how-
ever, important parameters which should be verified before
and after each series of measurements. This can be done, as
already discussed, by the careful use of selected solid or
liquid reference filters having well established and stable
transmittance values.

(2) Determination of the optical transmission character-
istics of solid or liquid materials, and the determination of
certain physicochemical constants such as molar absorptivity
and equilibrium constants. In all of these cases the accuracy
of the transmittance or absorbance scales of the measuring
instrument, among other things, is essential to provide true
values. Ways to establish and check this important parameter
are critically needed. For example, current interest in molar
absorptivity values, as an index of the purity of biological
clinical materials, requires greater accuracy of measurement.
Also, the accuracy of the determination of equilibrium con-
stants of chemical reactions in solutions and the determi-
nation of enzyme activity in international units is dependent
on true values of their molar absorptivities.

Since transmittance is the ratio of two radiant fluxes
intensities, true transmittance values will be produced only
when this ratio is measured accurately. These measurements
are usually performed by using photodetectors capable of
generating signals proportional to the two fluxes. Trans-
mittances are measured accurately when there is a linear
relation between the two radiant fluxes and the resulting
photoelectric signals. Hence, linear photoelectric measure-
ments result in accurate transmittance values. This is
illustrated in the simple graph (fig. 7) on which the
abscissa represents arbitrary radiation flux intensities F
with the relative intensities I on the ordinate. In an
ideal case, when F=0, I=0; for a certain value of F, called
here arbitrarily 100 percent, there corresponds a maximum
value of the photocurrent, I. These determine two fixed
points on the graph, and any measurement of radiant flux
intensity will be accurate 1f 1t falls on the straight line
which connects the origin 0 with the 100 percent point.

Photodetector linearity can be measured by various
methods (11), but of these only the use of the inverse square
law and the radiation addition principle using a plurality
of sources or multiple apertures will be mentioned here.

This last method was selected and used in conjunction with
a spectrophotometer designed and built in the Analytical
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Chemistry Division at NBS (14). This instrument is described
in detail in the Appendix (reprint 4). Its adaptation for
work in the ultraviolet is described in reprint 6 of the
Appendix.

Using this high-accuracy spectrophotometer, a series of
glass filters was developed as Standard Reference Materials
and were issued as SRM 930, SRM 930 consists of three neutral
glass filters having transmittances of approximately 10, 20,
and 30 percent. Each filter is individually calibrated and
certified for transmittance over a spectral wavelength range
from 440 to 635 nm. These filters are intended to verify the
accuracy of the transmittance or absorbance scales of spectro-.
photometers as well as their short and long term stability
and to provide a means for interlaboratory comparisons of
data. A further purpose of these filters is to assure that
systematic errors due to a particular characteristic or con-
dition of an instrument can be recognized.

SRM 930 (a and b) should be valuable in checking the
calibration of instruments used to obtain accurate physico-
chemical constants such as molar absorptivity and equilibrium
constants. For example, current interest in molar absorptivity
values, as an index of the purity of biological clinical mate-
rials, requires greater accuracy of measurement. Also, as
discussed earlier in this section, the accuracy in the deter-
mination of equilibrium constants of chemical reactions in
solutions is dependent on true values of their molar
absorptivities.

4, STANDARD REFERENCE MATERIALS FOR TRANSMITTANCE IN
SPECTROPHOTOMETRY .

4.1 Selection and Preparation of Materials Which Can Be Used
as Standard Reference Material in Spectrophotometry.

Such materials should fulfill the following conditions:
(a) be transparent in the spectral range of interest, usually

between 200 nm and 800 nm; (b) have a transmittance inde-
pendent of wavelength (optically neutral); (c) have a spectral
transmittance independent of temperature; (d) have low re-
flectance and be free of interferences; (e) be non-fluorescent;
(f) be stable, homogeneous, and free of strain; (g) have
mechanical stability for the size used (thickness, length,
width) and be easy to fabricate by conventional techniques
used in optical shops; (h) be simple to use in conjunction
with the conventional spectrophotometers available today in
analytical laboratories; (i) be readily available and

relatively inexpensive.
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These conditions are fulfilled to a smaller or larger extent
by the following materials:

colored glass filters
Transparent solids

evaporated metals-on-quartz

inorganic

Transparent liquids <:::
organic

non-supported: metal or plastic
Grids grids

supported: Ronchi ruling on
glass or quartz

concentric with the radiation
Rotating beam: Pool sector

Sectors excentric to the radiation beam

Polarizers

From these materials, the colored glass filters, mentioned in
the first group, most nearly satisfied the required conditions
and constitute the most acceptable compromise when compared
with the other materials mentioned above.

Several colored glasses were examined, and from these
the Corning 8364, the Chance ON-10, and the Schott NG-4
were initially selected. The spectral transmittance of
these glasses is illustrated in figure 4 in comparison
with an evaporated metal-on-quartz filter (non-fluorescent
fused silica of optical quality) and a Ronchi ruling on a
glass substrate. The transmittance of these two last mate-
rials exhibits the least dependence of wavelength from 200 nm
to over 700 nm (the Ronchi ruling transmittance below 350 nm
is limited only by the transmittance of the glass substrate
and not by the nature of the ruling itself). However, since
the attenuation of radiations is produced by the evaporated
metal-on-quartz, through reflection rather than absorption,
this material was not selected for the purpose considered
here, since there is a possibility that reflected radiation
is generated in conventional spectrophotometers. The Ronchi
ruling was rejected since it is. subjected, by its nature, to
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diffraction phenomena. From the remaining glasses,.the :Schott
NG-4 type was finally selected since this material exhibits
the best optical neutrality, and, excluding its limited spec-
tral transmittance range to the v151b1e and near-infrared
spectral domain, it is the best material which satisfies the
other conditions enumerated above.

A number of procedures were developed and used for the
preparation of SRM 930 (a and b) and were tested in a variety
of conditions. From these, only those which were finally
selected and are used currently for the preparation of this
SRM will be described here.

The optically neutral NG-4 and NG-5 glasses for the
filters were produced by Schott of Mainz, Germany, and are
designated as '"Jena Colored and Filter Glass.' The NG-5
glass is similar to the NG-4 glass in its spectral trans-
mittance but is less absorbing. This permits the use of a
thicker glass (1.5 mm) for the nominal 30 percent filter.
These glasses are provided by the Fish-Schurman Corp., 70
Portman Road, New Rochelle, New York, 10802, in the form
of rectangular pieces 30.5 mm long, 10.4 mm wide and
2.0 mm and 1.5 mm thick for the NG-4 glass and 1.5 mm thick
for the NG-S glass. Corresponding to these thicknesses are
nominal transmittances of 10, 20, and 30 percent, respec-
tively. These transmlttances were selected to provide a
means to verify the short and long term stability of the
instrument, and the accuracy of its transmittance or absor-
bance scale at the three different levels of transmittance
at which most spectrochemical analyses are performed. A
further specification for these filters is freedom of visible
defects such as inhomogeneity, stains, inclusions and scratches.
The parallelism should be within 0.02 mm and flatness should
not exceed three fringes (mercury 546.1 nm radiation) over
the entire glass surface.

4.2 Preparation of the Glass Filters

The glass filters are received from the supplier wrapped
individually in lens paper and contained in small individual
envelopes to avoid damage during transportation. Each glass
filter is submitted to a preliminary manual cleaning, with
distilled water using a piece of lens paper. This is followed
by a preliminary examination for defects using a stereo-
microscope with a magnification X12. This examination as
well as the following cleaning procedures are performed in
an all-polypropylene hood provided with a vertical laminar
flow of filtered air, illustrated in figure 8.
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Figure 9. Stainless steel holders for six 50 mm by 50 nm,
and twelve 30 mm by 10 mm glass filters.
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Each glass filter which has passed this initial exami-
nation is engraved at its upper end with a serial number
using a diamond scriber and is placed in a stainless steel
holder. Two types of such holders were developed and are
illustrated in figure 8, at left and lower right for twelve
30 mm by 10 mm units and at rear right for six 50 mm by 50 mm
glass filters. These filter holders are shown in more detail
in figure 9, at left for the 50 mm by 50 mm and at right
for the 30 mm by 10 mm glass filters., The holder is placed,
in a borosilicate beaker which is then placed in an ultrasonic
bath (80 w) containing distilled water (shown at right in the
figure (fig. 8)). Isopropvl alcohol of electronic grade is
added to the beaker to cover the filters and the unit is
operated for 5 min. This operation eliminates all the glass
particles produced by the engraving which could damage the
glass surface of the filter during the subsequent cleaning
operations. Each glass filter is then washed manually with
a diluted aqueous solution of a nonionic detergent such as
the alkyl phenoxy polyethoxy ethanol (Triton X-100, Rohm and
Haas), rinsed with distilled water, and dried in air.

Each glass filter is then re-examined carefully under the
stereomicroscope, and those which pass this final inspection
are transferred in the 12 unit stainless steel holder and
placed in a Soxhlet extractor illustrated in figure 10. An
aluminum slug is inserted at the bottom of each extraction
flask to reduce the volume of solvent required for the func-
tioning of the extractor and to shorten the syphoning time.

To avoid bumpy boiling, followed sometimes by an undesirable
overflow of the isopropyl alcohol from the boiling flask into
the extraction vessel, a side tube provided at the bottom with
a coarse glass frit is inserted through the side of each flask.
A steady stream of clean air from a compressed gas cylinder
equipped with a gas regulator and needle valve, is passed
through the tube to produce a continuous and gentle bubbling.
The glass filters are then washed for 3 hours, at a rate of
three syphoning per hour, using isopropyl alcohol of electronic
grade. After this period the glass filters are dried in air

in the laminar flow hood, placed individually in the special
aluminum alloy holder designed in collaboration with L.
Monostori and made at NBS in the Instrument Shops. This
operation is performed by using the tools illustrated in

figure 8, which includes an antistatic brush and plastic-
tipped tweezers. The mounted filters, placed in a covered
plexiglass box, are aged for at least two weeks in the laminar
flow hood where they are exposed continuously to the radiation
of the three fluorescent lamps provided at the top (total 120 w,
arbitrarily chosen). Since the individual glass filter metal
holder contributes significantly to the usefulness of the
filters, it will be described below.
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Figure 12. View of the assembled and unassembled glass
filter holder.
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Figure 13. Plastic box for SRM 930b containing the three
glass filters in their holders. A fourth empty
holder is provided for use in the reference beam.
The grooved insert is made of polypropylene.

30



given in figures 11 and 12.| They were established in con-
formance to the dimensions of the rectangular sample
compartments of most conventional spectrophotometers, and
were designed to hold the glass filters without producing
mechanical strains in the material, as indicated by a
polariscope examination. The metal used for the holder

is an aluminum alloy 2024 (4.5% Cu; 1.5% Mg; 0.6% Mn); the
retaining two-pronged spring is made of phosphor bronze,
and both parts are anodized black (flat). The spring is
secured by a screw and washer made of nylon (black). The
dimensions and shape -of the window were selected to avoid
vignetting even for spectrophotometers having a low pass
radiation beam.

The shape and dimensibls of these metal holders are

4.3 Packaging of the Glass Filters

Each set, consisting of three glass filters in their
metal holder and having a nominal transmittance of 10, 20,
and 30 percent, is placed in a plastic box similar to that
shown in figure 13. The insert is made of polypropylene and
the glass filters are placed in the metal holder described
in figures 11 and 12; this constitutes SRM 930b.

This SRM is produced currently, and replaces SRM's 930
and 930a., It differs from SRM 930 and 930a by an additional
metal holder without glass filters. This empty filter holder
should be placed in the reference beam when performing
measurements. SRM's 930 and 930a were certified at 440.0 nm;
465.0 nm; 590.0 nm; and 635.0 nm. An additional measurement
at 546.1 nm was included for SRM 930b.

5. RESULTS

The transmittance measurements used in the certification
of the glass filters discussed previously as well as those
measurements which were made to assess the various charac-
teristics of this material, together with interlaboratory
comparative transmittance measurements, were made with the
high-accuracy spectrophotometer described in Appendix 4,
except the data from table 6. Some of the measurements
relevant to the topic covered in this publication will be
given here.

5.1 Stability of SRM 930

... As._a.rule, before taking measurements with the spectro-
photometer, a warmup period of one hour is required. The
room temperature is kept at 24 + 1 °C, and the relative
humidity is 35 percent. The particulate matter 1s controlled
through special filters which rates the room in the 100,000

class.
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~ahle 1. Influence of temperature on the transmittance (T) of seven
Schott. . NG-4 glass filters at five wavelengths ({nm),
T % at
25.5 °C 20,5 °C
\\\\ Date |
~ Average
Wavelength 1-14 1-15 1-17 1-23 1-22 1-24 Difference
9.30 9.29 9,30 9,32 9,32 9,32 °  +0,02
18.70 18.69 18.70 18.73 18.72 18.73 1 +0.03
29.08 29.07 29,09 29.11 29,10 29.11 : +0.03
440.0 32.05 32.96 32,95 32.96 32.95 32.96 . +n,01
.89 0,89 - 9.89 9,91 9.91 9,91 ¢ +0,02
i 18.53 18.53 18.53 18.54 18.54 18.54 ¢ +0.01
i 29.15 29.15 29.17 29.20 29,20 20,20 ¢ +0.04
11.03 11.04 11.04 11.05 11.05 11.06° +0.01
21.06 21.08 21.08 21.09 21.10 21.09 +0.02
465.0 32,20 32.21 32.22 32.24 32.25 32.24 +0.03
35.62 35.61 35.61 35.61 35.61 35.61 0.0
11.69 11.69 11.69 11.70 11.70 11.70 +0.01
20,92 20.91 20,92 20,93 20.92 20.92 0.0
32,27 32.27 32.30 32.32 32.33 32.33 +0.05
9.94 9.95 9.95 9.93 9.93 9.93 -0.02
546.1 19.59 19.60 19.61 19.57 19.58 19.57 -0.03
! 30.69 30.69 30.70 30.67 30.68 30.67 -0.02
33.76 33.76 33.76 33.70 33.71 33.71 -0.05
10.55 10.57 10,57 10.54 10.53 10.54 -0.02
19.43 19.47 19.48 19.43° 19.43 19.44 -0.03
30.74 30.76 30.78 30.75 30.73 30.75 -0.02
8.82 8.82 8.83 8.79 8.80 8.80 -0.02
18.02 18.04 18.04 18.00 18.00 18.00 -0.03
27.62 27.65 27.65 27.62 27.62 27.62 -0.02
590.0 31.20 31.22 31.22 31.14 31.14 31.14 -0.07
9.37 9.38 a. 3R 9.34 a. 35 Q.38 -0.03
17.89 17.90 17.90 17.86 17.86 17.86 -0.04
27.69 27.70 27.71 27.68 27.67 27.68 -0.02
9.85 9.86 9.86 9.83 9.83 9.83 -0.03
19.47 19.48 19.49 19.45 19.44 19.45 -0.03
27.74 27.74 27.76 27.72 27.71 27.73 -0.03
635.0 32.65 32.67 32.66 32.59 32.60 32.60 -0.06
10.44 10.44 10.44 10.40 10.41 10.42 -0.03
[19.34 19.35 19,35 19,30 19.31 19.31 -0.04
L?7.78 27.80 27.80 27.77 27.77 27.78 -0.02
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Seven glass filters were placed in the sample holder
of the high-accuracy spectrophotometer and measured in six
replications. The results are given in table 5 (see Appendix
4) and show that these measurements can be reproduced with a
pooled relative standard deviation of 0.010 percent.

The temperature dependence of the transmittance was
measured for the same type of glass by determining this
value at a room temperature of 20.5 °C and 25.5 °C and at
440.0 nm; 465.0 nm; 546.1 nm; 590.0 nm; and 635.0 nm; and
table 1 gives the results.

From these data it can be concluded that the trans-
mittance dependence on temperature over the tested temperature
range, in the spectral interval from 440.0 nm to 635.0 nm,
for the type of glass used is insignificant at the .95 confi-
dence level. For a variation of *+ 1 °C to 2 °C the dependance
is minimal and averaged less than 0.2 percent of the measured
transmittance values.

The stability of the Schott NG type of glass to visible
radiations was tested by exposing three filters having a
nominal transmittance of 10, 20, and 30 percent to the high
intensity radiation of a source with a spectral distribution
similar to the conventional fluorescent lamps used for
illumination of laboratories. Each high intensity exposure
lasted 21 hours and was equivalent to 21,000 hours of normal
exposure, The transmittance measurements assembled in table
2 were made before and after each of the two exposures.
Column 2 gives the transmittance of the glass filters at
440.0 nm before the exposure; column 4 gives the same
measurements after the 21 hours of accelerated exposure.

The difference between these two measurements is given in
column 3. The same filters were exposed again for another 21
hours, and column 5 contains the transmittance values before
this exposure, while column 7 gives these values after this
second 21 hours exposure. The difference between these data
(columns 5 and 7) is given in column 6. Measurements were
also made at 465.0 nm, 590.0 nm, and 635.0 nm. From these
data it can be concluded that the type of glass tested
exhibits an acceptable stability when exposed to the visible
radiation experiment described. Similar stability tests
performed on other neutral glasses have indicated that these
glasses were less stable by a factor of four when compared
with the Schott NG-4 glass, and consequently this latter
material was selected for SRM 930 (a and b).
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Table 3.

Stability of transmittance (T) as a function nf time,
measured on SRM 230,
T
Wavelength
nm 1 2 3 DATE
32.87 19.80 11.5¢ 5-18-71
32.88 19.83 11.62 7-12-72
32.91 19.81 11.59 -320-73
440.0 32.96 19.84 11.61 11-16-73
32.98 19.84 11.62 1- 0-74
32.94 19.84 11.61 8- 1-74
32.95 19.84, 11.62 1-13-75
35.53 22.59 13.56 §-18-71
35.54 22.62 13.59 7-12-72
35.54 22,62 13.59 8-30-73
465.0 35.62 22.62 13.58 11-16-73
35.63 22.63 13.58 1- 9-74
35.60 22.62 13,57 8- 1-74
35.60 22.62 13.58 1-13-75
31.13 19.16 10.37 5-18-71
31.14 19.20 10.41 7-12-72
31.14 19,20 10.41 8-30-73
590.0 31.21 19.19 10.40 11-16-73
31.21 19.20 10.41 1- 9-74
31.18 19.20 10.40 8- 1-74
31.19 19.20 10,41 1-13-75
32.55 20.60 11.37 5-18-71
32.59 20.65 11.39 7-12-72
32.59 20.65 11.39 8-30-73
635.0 32.66 20.65 11.40 11-16-73
32.68 20.67 11.41 1- 9-74
32.63 20.66 11.41 8- 1-74
32.64 20.66 11.40 1-13-75
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Table 4. Comparison of percent transmittance (%T) measurements
performed on a set of three Schott N(-4 glass filters
over a period of two years.

4T
Filter Wavelength 1971 1972 1973
~Identification (nm) May December April
440.0 11.59 11.62 11.690
465.0 13.56 13.59 13.57
10%
590.0 10.37 10.40 10.39
635.0 11.36 11.40 . 11,39
440.0 19.80 19.83 19.81
465.0 22,59 22.62 22.60
20%
590.0 19.16 . 19.20 19.19
635.0 20.60 20.65 20.065
440.0 32.87 32.88 32.92
) 465.0 35.53 35.54 35.59
30%
590.0 31.13 31.14 31.20
635.0 32.55 32.58 32.64
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The variation of transmittance as a function of time
for the Schott NG type glasse§ (NG-4 and NG-5) was deter-
mined by using three filtets which constitute our own
reference set, and measuring them over a period of 4 years.
Table 3 presents the results obtained at 440.0 nm, 465.0 nm,
590.0 nm, and 635.0 nm. The largest difference observed
after 4 years of use did not exceed about 3 parts in 1000.
The measurements also seem to indicate a trend toward an
increase of the transmittance of these glass filters which
are in accordance with the known property of glass surfaces
to produce a layer of SiO at its surface when exposed to
atmospheric conditions. This phenomena is called '"blooming"
of the glass, and the thin SiO deposit which is formed acts as
an antireflection layer which results in an apparent increase
of the transmittance of the glass. Similar measurements
were made on another set of three glass filters over a
period of two years; table 4 contains the resulting trans-
mittances, which confirm the previous data.

5.2 1Interlahoratory Transmittancc Mecasurements on SRM 930

A set of SRM 930 was measured at NBS and at the National
Physical Laboratory (NPL) in England by F. J. J. Clarke and
his associates using their high-accuracy instrument. These
measurements were made with noncollimated convergent beam
geometry. A rectangular surface of the filter about 3 mm by
8 mm was used at NPL and the beam was only slightly conver-
gent. At NBS an area of about 8 mm by 0.5 mm was used for
the transmittance measurements. The results given in table
5 indicate that an average difference of about 0.20 percent
of the measured values was obtained between the measurements
carried out at NPL and at NBS. Agreement to within the
instrumental accuracy of about 1 part in 10" was also
obtained in comparative measurements, using another high-
accuracy spectrophotometer built at NBS (See Mielenz in
reference 10). The average reproducibility of these measure-
ments performed in 1971 and repeated in 1973 and 1975 was
within this value.
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Table 5. Comparison between the percent transmittances (3T)
measured on three Schott NG-4 glass filters at NPL
and NBS in 1971, 1973, and 1975,

Wavelength NBS, %T NPL, %T NBS, $%T

nm 1971 1971 1973 1975
440.0 12.91 12.93 12.91 12.90
465.0 14.97 15.01 14.98 14,97
590.0 11.67 11.67 11.65 11.62
635.0 12.70 12.72 12.71 12.69
440.0 19.60 19.62 19.60 19.56
465.0 22.37 22,453 22.39 22.34
590.0 19.00 19.01 19.00 18.94
635.0 20.41 20.47 20.46 20.40
440.0 32.87 32.98 32.86 32.87
465.0 35.53 35.66 35.52 35.51
590.0 31.13 31.21 31.11 31.07
635.0 32.54 32.62 32.57 32,53

Another comparative study was performed to include three
clinical laboratories to determine the reproducibility of
transmittance measurements on the Schott NG-4 neutral glass
filters. Again three filters having nominal transmittances
of 10, 20, and 30 percent were measured at four wavelengths
on a conventional spectrophotometer at the NBS. This in-
strument included a double monochromator with quartz prisms
used in a double beam mode, and a transmittance scale with
1000 divisions between 0 and 100 percent transmittance. The
transmittance accuracy of this scale was established with
SRM 930. The same filters were then sent to laboratories A,
B and C describing the technique to be used in measuring
their transmittances. The results obtained are summarized
in table 6 and include the percent transmittance (%T) values,
the standard deviation (S. D.), the percent standard deviation
(% S. D.), and the percent difference (% difference). This
difference was calculated using the NBS data as a reference.
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Table 6. Comparative transmittance measurements performed by
four laboratories on three Schett NG-4 colored glass

filters.
Laboratory A
Measurement 5T
No. 440 nm 465 nm 590 nm 635 nm
Ave. 12.91 14.99 11.68 12.71
] S.D. 0.0063 0.004 0.008 0.005
% S.D, .049 .027 .070 .041
Diff. % - .4 - .07 - .6 - .5
Ave. 19.61 22.37 19.06 20.50
2 S.D. 0.004 0.010 0.004 -
% S.D. .021 .046 .022 -
NDiff. & - .5 - .3 - .3 -0.1
Ave. 32.81 25.44 31.12 32.88
3 S.D. 0.0080 0.0080 0.0050 0.0050
% S.D. .023 .023 .017 .016
Diff. ¢ + .3 + .3 + .1 + .2
Laboratory B
Measurement $ T
No. 440 nm 465 nm 590 nm 635 nm
Ave. 12,91 14.87 11.56 12.59
1 S.Dn. - 0.041 0.041 -
% S.D. - .276 .36 -
Diff. % -0.4 - .0 -1.6 -1.4
Ave. 19.59 22.39 18.90 20.51
2 S.D. - - 0.053 -
% S.D - - .281 -
Nniff. % -0.6 -0.2 -1.1 -0.05
Ave. 32.58 35,23 30.90 32.36
3 S.D. - 0.093 - -
% S.D - .264 - -
Diff. § -0.4 - .3 -0.6 -0.4
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Tahle 6 (Cont'd)

Laboratory
Measurement %
No. 440 nn 465 _nm 590 nm 635 _nm
Ave. 12.88 14,906 11.66 12.65
1 S.n, - 0.014 0.011 0.01¢
% S.Dh. - 09 .09 .15
nitf. % -0.6 - .3 - .8 - W9
Ave. 19.54 22.34 19.12 20,37
2 S.D. - - N.024 -
% S.h. - - .13 -
Diff., ¢ -0.6 -0, 4 + .05 -0.7
Ave., 32.88 35.40 30.97 32.43
3 S.n. - - -
% S.D - - - -
Diff, % +0.5 +0.1 -0.4 -0.2
Laboratory NRS
Measurement T
No, 440 nm 465 nm 590 nm 635 nm
Ave. 12.96 15.00 11.75 12,77
1 S.D. 0.0053 0.0037 0.0048 0.0057
$ S.N. .041 .025 041 .045
Diff. % - - - -
Ave. 19.71 22.44 19.11 20.52
2 S.D. 0.0049 0.0052 0.0038 0.0049
% S.D. .025 .023 .020 .024
Niff., % - - - -
Ave. 32.72 35.35 31.09 32.50
3 S.D. 0.0045 0.0056 0.0040 0.0043
% S.D. .014 .016 .013 .013
Niff, % - - - -
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‘ In this study, the cooperation of George N. Bowers, Jr.,
M. D., of Hartford Hospital, Hartford, Connecticut, Royden
N. Rand, Ph.D., of the Hospital of the University of ‘
Pennsylvania, Philadelphia, Pennsylvania® and Donald S. Young,
M. D., Ph.D., of the National Institutes of Health, Bethesda,
Maryland, is gratefully acknowledged.

This study demonstrates that transmittance data can be
reproduced in actual laboratory conditions with a general
uncertainty of less than one percent. From the total of
36 transmittance measurements only 3 exceed this value, and
this was due probably to limitations in the spectral band-
pass of the particular spectrophotometer used.

- The transmittances of several sets of SRM 930 were
determined, after several years of use in routine laboratory
conditions, to assess the effect of time and handling on
this parameter. Table 7 presents the results obtained on
set no. 106 certified in 1972, The column marked 1 contains
the transmittance values as certified in November 29, 1972,
This set was measured again in February 27, 1974, in an "as
received" condition, and the transmittance values obtained
are given in the column marked 2. The difference between
these measurements is given in the column marked 3. As it
can be seen, the transmittance of these glass filters, after
about two years of use in a laboratory, is lower than the
certified values, suggesting a possible contamination of the
glass surface. This supposition was verified by submitting
the filters to the cleaning procedure described previously.
The filters were remeasured, and the data obtained are given
in the column marked 4, which present the average of four
series of measurements carried out over a period of three
days. These results, which indicate this time a positive
difference, given in the column marked 5, confirm the
hypothesis of a surface contamination of the glass during
their use, and verify the tendency of the glass to cover
itself with a layer of SiO as was already discussed. The
results of this phenomenon is an apparent increase of the
transmission of the material.

* Present address: Eastman Kodak Company, Research Labora-
tories, Rochester, New York, 14650.
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In another series of tests, ja set of SRM 930 was used to
verify and correct the transmittance scale of a conventional
spectrophotometer, by measuring the transmittance of the
certified glass filters on the tested instrument, and by com-
paring the results with the certified values, and Table 8
presents these results.

Table 8. Comparison of % T measurements performed on a
Schott NG-4 filter using the NBS high-accuracy
instrument and a conventional spectrophotometer.

Average
Wavelength NBS Conventional Relative Relative
nm Instrument Instrument Diff: % Diff. % Diff.
440,0 32.82 32.75 +0.07 +0.21
465.0 35.51 35.40 -+ .11 + .31 +0.22
590.0 30.98 30.93 + .05 + .16
635.0 32.38 32.32 + .06 + .19

From these data it can be concluded that the transmit-
tance scale of the conventional spectrophotometer provides
transmittances which are lower than the accurate values by an
average difference of 0.22 percent. This average difference
can be added to the measurements made with the conventional
instrument, to obtain the accurate transmittance value.
Another method to perform the correction is to use an inter-
polation procedure using a graph established by plotting on
the abscissa the accurate transmittance (or absorbance)
values of SRM 930 and on the ordinate the values found on
the instrument for this material. In this discussion it was
implicitly assumed that all other parameters which can affect
the transmittance accuracy have been considered and minimized,
and especially the stability of the instrument, the wavelength
accuracy, the spectral bandpass, and temperature. Correction
of the transmittance or absorbance scale of a spectrophotometer
should be applied only when these conditions are fulfilled.

The glass which is used to produce SRM 930 has a spectral
transmittance limited to the visible range from about 400 nm
to 800 nm, as illustrated in figures 4 and 6, and this obvi-
ously limits the usefulness of this standard reference material.
Appreciable efforts have been made at NBS in the past and are
continuing now, to find a transparent material which could
extend this spectral range to the ultraviolet. At the present
time, however, only one material has been found which satisfies
these required characteristics; this material is the evapo-
rated metal-on-quartz filter which was already discussed
(figure 4). The evaporated metal-on-quartz filter meets the
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requirements for spectral neutrality and good stability and
is not susceptible to the production of an Si0 layer. When
chromium is used to produce the evaporated metal layer, the
filter exhibits a good resistance to abrasion. The only
limitation of the evaporated metal-on-quartz results from

its intrinsic property of attenuating the incident radiation
by reflectin§ part of it rather than by absorbing it. Al-
though interlaboratory tests between NBS and NPL, in which
evaporated metal-on-quartz filters have been used, have pro-
duced results similar to those obtained with the glass filters
used in SRM 930, it should be noted that these results were
obtained with specially designed high-accuracy spectrophotom-
eters. The use of such filters in conjunction with the large
variety of conventional instruments is now being studied to
determine to what extent and under what circumstances the
metal-on-quartz filters could be used as standard reference
material in spectrophotometry.

6. SUMMARIZING REMARKS

The acquisition of meaningful measurements by spectro-
photometry requires that every phase of the chemical processes
involved in the analytical procedure, and every parameter of
the instrumental spectrophotometric technique be well-known
and understood, and under the complete control of the analyt-
ical chemist. He must be able to assess the importance of
these two factors in a quantitative manner, and to evaluate
their individual contribution to the uncertainty of the final
measurement. Some of the parameters involved in the instru-
mental spectrophotometric technique have been examined in this
publication, and particular attention was given to those in-
strumental parameters which play a more significant role: the
short and long term instrumental stability, the wavelength
accuracy, the spectral bandpass problem, and the transmittance
accuracy. Means and methods have been discussed, and . standard
reference materials have been described and produced, which
permit to determine to a large extent the magnitude of these
important parameters and to assess and correct their individual
contributions toward the deterioration of spectrophotometric
precision and accuracy.

While the use of SRM 930a and b does not solve all prob-
lems in spectrophotometry, its availability should contribute
appreciably to the production of more accurate and therefore
more meaningful measurements in all fields where spectropho-
tometry is applied.

Instrumental stability, wavelength accuracy, adequate
spectral bandpass, and transmittance accuracy are basic param-
eters which play a determinant role in the production of
accurate transmittance measurements of a transparent material
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in the spectral range of interest. Without the fulfillment
of these conditions no accurate transmittance measurements
could be performed. SRM 930 seems to be a useful means to
assume that the measurements are accurate.

The production of accurate chemical analytical data,
that is the capability to determine accurately the amount of
a particular chemical element in a given matrix, requires,
on the other hand, only spectrophotometric precision, as
determined by the instrumental stability and sensitivity.
The accuracy of the analytical measurements is determined in
this case solely by the accuracy achieved in the preparation
of the analytical samples and in the establishment of the
reference curve. These in turn depend on the stability of
the chemical reactions involved in the spectrophotometric
process, and on the ability to prepare adequate reference
solutions having accurately known concentrations of the
. chemical element of interest in a matrix identical to that
of the analytical sample. Under these circumstances, ana-
lytical accuracy can be achieved using spectrophotometers
which exhibit good stability and sensitivity. The wave-
length accuracy, the spectral bandpass, and the accuracy of
the transmittance or absorbance scale play a secondary role
in this analytical application. The lack of accuracy of
these parameters could affect the sensitivity and linearity,
and in some cases, the specificity of spectrophotochemical
analyses, rather than their chemical accuracy.

Standard Reference Material, "SRM 930, a and b, Glass
Filters for Spectrophotometry,' is a transfer standard which
was calibrated for transmittance in the spectral range of
440.0 nm to 635.0 nm, with a high-accuracy spectrophotometer
which represents the primary transmittance standard. The
transmittance values were certified with an uncertainty of
0.5 percent. The validity of these transmittance values with
time will depend on the stability of the glass and the con-
ditions under which it is used. The measurements from table
3 prove that the stability of the certified transmittance
values are reproducible, within the uncertainty indicated,
over a length of time exceeding 4 years. This assumes that
the filters have been used with proper care, following the
instructions given in the certificate.  Deviations from
these instructions could result in degradation or loss of
accuracy. In particular, the glass surface should never
be touched with the fingers, the filters should not be
exposed to dust or corrosive reagents, and when not in use
they should be kept always in the box provided for this
purpose. - Should the glass surface of the filters bhecome
accidentally contaminated, no attempts should be made to
wash it, since the user does not have means to determine if
this cleaning treatment has not altered the properties of
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transmittance values. Since SRM 930 is a transfer standard,
the only means available to determine its integrity is by
remeasuring its transmittance with a primary standard instru-
ment, and this can be done only with the high-accuracy
spectrophotometer described in this work. Should there be a
need to verify the accuracy of the certified transmittance
data, the glass filters should be returned to NBS for veri-
fication of the transmittance data assigned to that particular
set, and for cleaning and recalibration if necessary. It is
recommended that before sending the glass filters, proper
arrangements be made by writing the Office of Standard
Reference Materials at NBS to establish the best conditions
in which such a verification can be made.

uracy of the certified

“SRM 930 is a delicate and costly unit which has required
an appreciable amount of careful work for its preparation and
certification. This material should be handled with great
attention to insure production of accurate measurements and
long life. This is particularly true when the working con-
ditions in certain laboratories require frequent use of SRM
930. To protect this reference material it might prove
desirable in such cases to produce "in house' secondary glass
standards derived from SRM 930, and use these secondary
standards for daily control of the spectrophotometers used
in the laboratory. When these standards indicate a signifi-
cant change in the measurements, only then should SRM 930 be
used as a final verification of the data.

Secondary glass standards could be produced by purchas-
ing the optically neutral glass used for the production of
SRM 930, cut to size as described in this publication and
placed in holders similar to those illustrated in detail in
figures 11 and 12. The transmittance of these filters should
be established at the desired wavelengths with the best spec-
trophotometer available in the laboratory after its trans-
mittance scale was verified with SRM 930 (a or b).
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8. APPENDICES

These appendices contain a reproduction of the notice
introducing the Standard Reference Material 930, and the
calibration certificate issued for SRM 930b. It differs
from SRM 930 and 930a by the addition of an empty filter
holder and an additional transmittance certification at.
546.1 nm. Also included are reprints from five publica-
tions which should provide further and more detailed.
information on the subject discussed in this publication.
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Appendix I

NBS STANDARD
REFERENCE MATERIALS

U.S. DEPARTMENT OF COMMERCE / National Bureau of Standards

I

March 26, 1971

Standard Reference Material 930
Glass Filters for Spectrophotometry

The Office of Standard Reference Materials announces
the availability of Standard Reference Material 930, Glass
Filters for Spectrophotometry. This SRM consists of three
glass filters having transmittances of approximately 10, 20,
and 30 percent. Each filter is individually calibrated and
certified for absorbance and transmittance over a spectral
wavelength range from 440 to 635 nanometers.

These filters are intended to check the accuracy of
the photometric scale of spectrophotometers, and to provide
a means of interlaboratory comparisons of spectrophotometric
data. It is probable that in the field of clinical chemistry
a large amount of data are being obtained on precise instru-
ments whose accuracy is unknown. To make these data more
meaningful and universally applicable, the biases between
instruments must be eliminated or at least determined. Z
major purpose of these filters will be to assure that
systematic errors due. to a particular characteristic or
condition of an instrument can be recognized.

This SRM should be valuable in the calibration of
instruments used to obtain accurate physico-chemical constants
such as molar absorptivity and equilibrium constants. For
example, current interest in molar absorptivity values, as
an index of the purity of biological clinical materials, re-
quires greater accuracy of measurement. Also, the accuracy
in the determination of equilibrium constants of chemical
reactions in solutions, is dependent on true values of their
molar absorptivities.

Standard Reference Material 930 is available from the
Office of Standard Reference Materials, National Bureau of
Standards, Washington, D. C. 20234. The price is $ 395 for
a unit of three filters.
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METAL HOLDER FOR THE COLORED GLASS FILTERS

METAL HOLDER
57 XI13X13

EXPOSED FILTER SURFACE
29X8

COLORED GLASS FILTER

, 30.5 X 11X 2.0 (or .5)
o \/ i}
069/ L-———J}” BASE
»«C‘/ Lis

DIMENSIONS IN mm
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Appendix II

U. S. Department of Commerce
Frederick B. Dent
Secretary

wnrmes National Burean of Standards

@ertificate

Standard Reference Material 930b

Glass Filters for Spectrophotometry
R. Mavrodineanu and J. R. Baldwin

This Standard Reference Material is intended as a reference source for the calibration of the
photometric scale of spectrophotometers. It consists of three individual filters and one empty
filter holder. Each filter bears an identification number, and the upper left comer has been
removed to indicate correct placing in the metal holder.

ABSORBANCE (A) TRANSMITTANCE (%T)
Filter Wavelength and (Bandpass) Wavelength and (Bandpass)
& Set nm nm

Ident. | 440.0 | 4650 | 546.1 | 590.0 | 635.0 | 440.0 | 465.0 | 546.1 | 590.0 | 635.0
Number| @D | @D [ @5 | 68| @0 | @D | 2D |65 | 5o | 60
[ Number

The transmittance values given are certified with a relative uncertainty of £0.5 percent (example:
a ngminal value of absorbance of 0.500 + 0.0022). This uncertainty is ‘the sum of the random error
of £ 0.1 percent (25D limit) and of estimated biases which are + 0.4 percent. These biases are due to
possible svstematic errors. Measurements were made at 25 °C. Room temperature variations within
several degrees Celsius of this temperature will not significantly affect the calibration of these
filters.

It is recommended that the filters be handled only by the edges and with soft plastic (poly-
cthylene) gloves and optical lens tissue. When not in use thev should be stored in their holders and
in the box provided for this purpose.  Extended exposure to laboratory atmosphere and dusty sur
roundings should he avoided.

The overall direction and coordination of the technical measurements leading to certification
were performed under the chairmanship of O. Menis and 1. 1. Shultz.

The technical and support aspects involved in the preparation. certification, and issuance of this
Standard Reference Material were coordinated through the Office of Standard Reference Materials
by T. W. Mears.

Washington. D. C. 20234 J. Paul Cali, Chief

February 24, 1975 ) ) Office of Standard Reference Materials
oser
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The transmittance measurements were made with the high-accuracy spectrophotometer designed
and constructed at the National Bureau of Standards [1]. The accuracy of this instrument was
established by light-addition measurements. .

The neutral NG-4 and NG-5 glasses for the filters were provided by Schott of Mainz, Germany,
and are designated as “Jena Colored and Filter Glass.” Nominal transmittance for a filter 1.5 mm
thick is 20 percent at 400.0 nm wavelength and 32 percent at 700.0 nm wavelength. Between these

limits the transmitlance varies in a monotonic manner {2].

The filter holder is black anodized aluminum alloy and has the following nominal dimensions:
height: 57 mm, width- 13 mm, depth: 13 mm. This holder and the size and shape of the filters were
selected to conform to the di ions of the sample compartment of most conventional spectro-
photometers. The filters are approximately 30.5 mm long, 11 mm wide, and 2.0 mm and 1.5 mm
thick for the NG-4 glass and 1.5 mm thick for the NG-5 glass. Corresponding to these thicknesses
are nominal transmittances of 10, 20, and 30 percent, respectively. These thicknesses were selected
to rfprovide a means for calibrating the photometric scale at three different levels. The exposed
surface of the glass filter is approximately 20 mm by 8 mm, starting from a distance of 1.5 mm
from the filter holder base (see figure).

The transmittance of filters depends on the intrinsic properties of the material. Spectral band-
pass, wavelength {2,3,5], geometry of the optical beam, surface conditions, and positioning of the
filter also affect the transmittance values, and can lead to further biases. The certified data will be
reproduced when transmittance measurements are made under similar conditions. The effective

tral bandpasses used to determine the certified values are given on the face of the certificate and

e transmittance measurements are made by producing the vertical image of the slit (about 8 mm

by 0.5 mm), using a convergent beam geometry with an opening of f:10, in the middle of the

entrance face of the glass filter. (The filter should be positioned in the spectrophotometer as shown
in the figure, to obtain correct values.)

Prior to the certification measurements, each filter was examined for surface defects and then
thoroughly cleaned. If, through handling, the surface of the filter becomes contaminated with dust,
it may be cleaned with a small soft brush attached to a rubber tube connected to a vacuum source
[2,4]. If the surface becomes contaminated with fingerprints, they must be eliminated before
making measurements. This may be accomplished by removing the filter from its holder, breathing
lightly on it, and rubbing the surface gently with optical lens tissue. The clean filter is then replaced
in its proper position in its holder. To remove and replace the filter in the metal holder, the
spring-loaded plate should be removed with care to prevent damage to the filter. As little handling
as possible is recommended.

NOTE: The check of the calibration of photometric scales defines only one of the parameters
required for obtaining accurate transmittance values and molar absorptivities. Other factors that
also must be established are wavelength accuracy, stray light, cell parameters, fluorescence, polariza-
tion, reflection, and temperature coefficient. Some of these variables are discussed in NBS publica-
tions [1.2,5]. It is planned to summarize various aspects of accurate spectrophometric measure-
ments in an NBS-260 Special Publication that would provide additional data on specific Standard
Reference Materials. In the interim, SRM 930b, should be used as described in the certificate.
Consult the manufacturer of the instrument if differences are obtained that exceed those specified
by the manufacturer.

We wish to acknowledge the cooperation of George N. Bowers, Jr., M.D., of Hartford Hospital,
Hartford, Connecticut; Rovden N. Rand, Ph.D., of the Hospital of the University of Pennsylvania,
Philadelphia, Pennsylvania; and Donald S. Young, M.B., Ph.D., of the National Institutes of Health,
Bethesda, Maryland.
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Appendix III

January U. S. DEPARTMENT OF COMMERCE Letter
1955 NATIONAL BUREAU OF STANDARDS Circular
WASHINGTON, D. C. 20234 LC-1017
Re-issued STANDARDS FOR CHECKING THE
January 1967 CALIBRATION OF SPECTROPHOTOMETERS

(200 to 1000 nm)
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2,2,2 Cary Model 14 recording spectrophotometers,

References.,
1. Introduction.

In continuation of a type of activity carried on for many years at
the National Bureau of Standards, there is described in this letter cir-
cular the various types of standards that are available for issuance by
the Bureau for the purpose of checking or maintaining the over-all reli-
ability of spectrophotometers in the ultraviolet, visible and near-infra-

red regions of the spectrum., Certain other information of similar purpose
is also included.

Experience has shown that spectrophotometers can easily get out of
adjustment, Although repeated trials may give the sd&me values over and
over again, indicating high sensitivity and precision, and the instrument
may otherwise appear to be functioning perfectly, gross errors in wave-
length may nevertheless be rendering the values obtained highly unreliable.
Other causes of error may likewise be present and unsuspected, particular-
ly with the photoelectric spectrophotometers now comprising so large a per-
centage of the total in use. The use of the various standards described
herein has been found of considerable assistance in detecting and elim-
inating errors that would otherwise be present, or in confirming that the
instrument is in fact giving reliable results.,

Reference is made in this letter circular to the NBS test fee
schedules currently in effect. Those relating to spectrophotometry are
designated as 202,105, Spectrophotometric Standards, and 202.106,
Spectrophotometric Measurements. These schedules are obtainable from the
National Bureau of Standards.
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2, Checking the Wavelength Scale,

Most of the present-day spectrophotometers have a direct-reading
wavelength scale; that is, the scale, instead of being divided in uniform
linear or circular measure, is divided and engraved directly in nano-
meters (formerly called millimicrons). This greatly facilitates setting
the instrument at any desired wavelength. The accuracy of many of these
direct-reading wavelength scales is remarkably good, when put in the best
average adjustment, considering the difficulties of quantity production
of such scales. When so adjusted, it is not uncommon to find them in
error by not more than 1 nm throughout the ultravielet and visible spectrum.
However, if one wishes the uncertainties in his wavelength settings to be
of the order of 0.1 nm, a careful check of these direct-reading scales is
necessary.

Certain sources and wavelengths that have proved especially suitable
for the calibration of various types of spectrophotometers are listed in
tables la and 1b which are similar in scope and purpose to table 1 of
Circular 484 (1)*.

*Numbers in parentheses refer to the References,

All values of tables la and 1b are consistent with those published in the
M.I.T. wavelength tables (2). Which of these sources to use, and which
wavelengths of the several sources are the most suitahle, will depend on
the type of instrument. Furthermore, the procedure will vary importantly
depending on whether the instrument is a non-recording or a recording
spectrophotometer,
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Table la. Wavelengths of Sources Suitable for Calibration of
Spectrophotometers.

Wavelength Note Wavelength Note Wavelength Note Wavelength Note

(om) (um) (om) (mm)
Mercury Arc in Quartz (Same wavelengths in glass above 300 nm)
205,29 253,48 3% 296.73 * 398,40
222,47 253,65 302,15 400,63
223,41 257.63 302,35 P 404,66 *
225,88 260,32 302,56 407,78 *
230.21 265,20 302,75 435,83 *
232,32 265,37 4% 312,57 * 491.60
235.25 265.51 313.15 7% 546 .07 *
237.83 * 269.95 313.1%} 576,96 g
239.9?} 1* 275.28 * 334.15 * 579.07
239,97 275.97 349,28 623.44
244,69 280,35 5% 365.01 671.62
246,41 280,45 365.4 g 690,72
248,20 284,78 366.29 1014.0 *
248.22} 2% 289,36 * 366.3 1128.7
248.3 292,54 390.6
Helium Discharge Tube in Glass

318.77 396.47 447 .15 * 667.81 *
361.36 402,62 471.31 * 706.52 *
363.42 412,08 492,19 728.13
370.50 414,38 501,57 * 1083.0 *
381.96 438.79 504,77
388.86 * 443,75 587.56 *

* These lines have been found most useful on the Beckman DU
spectrophotometer.

1. A value of 239.95 is recommended for the unresolved pair.

2. A value of 248,3 is recommended when the 3 lines are unresolved.

3. The intensity of 253.48 is negligible compared to that of 253.65.
The latter value should be used when the lines are unresolved.

4, The 265.20 line is somewhat stronger than the others and a value
of 265.3 is recommended when the three lines are unresolved.

5. These two lines are of approximately the same intensity and a
value of 280.40 is recommended for the unresolved pair.

6. The two shorter lines are considerably stronger than the other
two. It is probable that a value of 302,25 should be used for the unresolved
lines.

7. A value of 313.16 is recommended for the unresolved pair.

8. With the arc used on the Beckman DU spectrophotometer the ratio of
intensities for 365.01 : 365.48 : 366,33 is 100 : 48 : 36, approximately.
The intensity of the 366.29 line appears negligible relative to that of

66.33,
? 9. These two lines are of approximately the same intensity and a
value of 578.0 is recommended for the unresolved pair.
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Table 1b. Wavelengths of Sources Suitable for Calibration of Spectro-
photometers

Neon Discharge Tube Aluminum Hydrogen Arc
Spark in Air

Wave- Relative

length Intensity Wavelength Wavelength
(nm) (nm) (nm)

585.25 5 216.88 434,05

588.19 4 217.40 486.13

594.48 8 220,46 656.28

597.55 2 221.00

603.00 2 226.35

607.43 8 226,91 Sodium Arc

609.62 13 236,71 Wavelength

614.31 25 237.21 (nm)

616.36 6 237.31 589.00

621.73 4 237.34 589.59

626.65 11 237.84

630.48 4 256.80

633.44 20 257.51 Cesium Arc

638.30 23 257.54 Wavelength

640,22 100 263.16 (nm)

650.65 39 265,25 852.11

653.29 8 266,04 894.35

659.90 12 281.62

667.83 23 308.22

671.70 14 309.27

692,95 23 358.69

702,41 2 394,40

703.24 45 396.15

705.91 --

717.39 5

724,52 17

743.89 4

748.89 --

753.89 --

751‘1 40 -
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2.1 Non-Recording Spectrophotometers.

The best procedure for checking the wavelength scale of a non-
recording spectrophotometer is by direct use of a source of radiant
energy having spectral lines of suitable intensity and .adequately
spaced throughout the spectral range of interest. Various sources
are available and can be recommended for such purpose. How many sources,
or how many wavelengths, to use in such a calibration depends, of course,
on the desires of the individual investigator,

In this connection it should be noted that the number of signifi-
cant figures of importance in spectrophotometry (including "absorption
spectroscopy") is of a different order of magnitude than that used in
emission spectroscopy or in standard wavelength tables. In the visible
spectrum with the usual type of spectrophotometer it seems impossible
to maintain the wavelength calibration with uncertainties less than about
0.1 nm. While the uncertainty may be less in the ultraviolet with a
prism instrument, there seems no purpose served in giving standard wave-
lengths to better than 0,01 nm for spectrophotometric calibration.

Two suitable sources for wavelength calibration are the mercury
lamp and the helium lamp. A mercury lamp in a quartz envelope is by far
the best single source for wavelength calibration from 205 to 1014 nm.
A mercury lamp in a glass envelope provides the same spectral lines except
that below about 300 nm they are not transmitted by the glass envelope.

The helium lines are especially well placed for wavelength calibration
in the visible spectrum, and the strong lines at 388 and 1083 nm are also
often very useful. Many other sources, flame or arc, are available for
visual wavelength calibration (2, 3) but most of these are too unstable for
accurate calibration with a photoelectric detector.

These same sources and many others are also useful for the wavelength
calibration of spectrographs used in photographic spectrophotometry. Be-
tween 200 and 400 nm the series of doublets obtained from the aluminum
spark in air is very useful because they are so readily recognized.

Not all of the lines for any of the sources are given in tables la
and 1lb but only those that are considered especially suitable for the pur-
pose, Furthermore, not even all of those listed for any one source may
be suitable for any one particular instrument, The mercury arc in quartz
is an example. All of the lines listed (and still others) can be used for
wavelength calibration of a photographic spectrophotometer over the range
of sensitivity of the plate used. The lines from 404.7 to 690.7 nm can
be used for visual calibration of a spectrophotometer. But not all of the
lines are suitable for calibration of a photoelectric instrument, and
those that prove adequate will depend on the sensitivity and slit widths
characteristic of any particular instrument, One must be very careful
that other lines are not included, in addition to the one on which the
settings are supposedly being made, of sufficient intensity to affect
the wavelength setting.
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Special attention should perhaps be called to the use of a cesium
arc at 852,1 and 894.3 nm (4). From tables la and 1b it is apparent that
there are few suitable lines between 706.5 and 1014.0 nm, particularly
from steady sources necessary or desirable in the calibration of photo~
electric spectrophotometers. The neon discharge tube gives many lines
between 750 and 1000 nm (2) but these have not been found satisfactory
in the calibration of photoelectric spectrophotometers. 1In the orange
and red the neon lines are useful for visual calibration and many of
these can be used to calibrate photoelectric spectrophotometers (5) if
the sensitivity is such that very narrow slits can be used. The relative
intensities (6) given in table 1b will help in case of overlapping.

The best technique to use in wavelength calibration of non-recording
spectrophotometers, given a suitable source, will vary from instrument to
instrument and method to method. A few general principles can be given
here, however. '

In photographic spectrophotometry it usually is sufficient to
photograph a known spectrum at the top and bottom of the plate, unless
the source used for the absorption spectra itself carries such known
reference lines. A few of these reference lines will then serve to
correlate that particular plate with whatever complete calibration curve
has previously been established by more extensive measurements with the
various sources.

On visual and photoelectric non-recording spectrophotometers, it
usually is necessary, for highest precision, to have a basic reference
line to which all of the other wavelengths are compared by direct check.
At the Bureau the Hg yellow lines have proved most suitable for the
KOnig-Martens visual spectrophotometer (7). At the slit widths used the
overlapping of the two lines gives a central brighter "line'" taken as
578.0 nm with a luminous background against which the slit jaws are
readily seen, A luminous background, or slight illumination of the
ocular slit, always facilitates calibration when an eyepiece is used.
Visual calibration without an eyepiece is usually less precise unless
very narrow slits are used.

Two techniques have been used at the Bureau in the calibration of
non-recording photoelectric spectrophotometers. On the Gibson spectro-
photometer (8) the slits are always 0.1l mm wide or greater and the most
reliable calibration is obtained by plotting galvanometer deflections
at closely adjacent wavelengths. The most probably value for the wave-
length reading is given by the intersection of the two straight lines
resulting from a plot of the data for any given line, the correction
being given by the difference between this value and the true wavelength.
This is illustrated in reference (1).
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On the Beckman DU spectrophotometer the same method has been used:
(9), but at the Bureau it has seemed preferable and is much more rapid,
to calibrate with a narrow slit and record the wavelength dial reading
for the maximum left deflection of the galvanometer needle as the wave-
length dial is slowly turned. The most suitable reference line on two
of the Bureau's instruments has proved to be the Hg green line at
546,07 nm (5).

2.2 Recording Spectrophotometers.

The initial wavelength calibration of a recording spectrophotometer,
such as the manufacturer must carry out in connection with cutting his
cams or preparing his reading scale, is not here considered, but only
the check of such a calibration by the user of the instrument.

Such a user can, of course, follow the procedure prescribed above
for checking the wavelength calibration of non-recording spectro-
photometers. However, there are two important reasons for following a
different procedure for recording spectrophotometers. For such instru-
ments it is desirable to have a calibration that is made with the in-
strument operating. It is further desirable in most kinds of work to have
this calibration appear on the graph sheet so that difficulties connected
with positioning of the sheet, expansion or contracticn of the paper with
humidity or temperature, or instrumental variations can be eliminated.

Wavelength calibrations of this kind can be made if a material is
available having a number of strong and narrow absorpiion or transmission
bands suitably spaced over the spectral range of interest. Two materials
have been used or suggested for this purpose: (a) Glasses containing
rare-earth oxides, such as didymium glasses and holmium oxide glasses,
have been used for many years at the National Bureau of Standards (10, 11),
(b) quartz-Polaroid combinations have been proposed (12) and may prove
useful for such work.

The use of a didymium glass or a holmium oxide glass in this manner
would not in general be accurate unless it is calibrated at nearly the
same slit widths as are to be used. Most of the absorption bands that are
usable for the purpose are multiple bands and the wavelengths of maximum
absorption often depend on the slit widths., This has been illustrated in
previous publications (1, 10).

While the use of a didymium glass or a holmium oxide glass for check-
ing the wavelength calibrations of a recording spectrophotometer is highly
recommended, there are two other uses of these glasses which are not
recommended, First, these glasses are not well suited for checking the
photometric scale of any spectrophotometer, recording or non-recording.
Transmittances at the peaks of the absorptiom bands are too dependent on
slit widths, and transmittances on the steep parts of the curve are too
dependent on slight wavelength errors, both as illustrated in Fig. 1 of
reference (10) and in Fig. 8 of reference (l). Second, the use of these
glasses to check the wavelength calibration of a non-recording spectro-
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photometer is considered much inferior from the standpoints of time,
convenience and reliability to the direct use of line sources as :
described in Sec, 2.1. The National Bureau of Standards has consis-
tently refused to accept didymium glasses or holmium oxide glasses for
calibration for either of these two purposes.

2.2,1, General Electric Recording Sgectfoghotometer.

The NBS didymium glass standards were carefully calibrated by
point-by-point measurements on the Kinig-Martens visual and Gibson
photoelectric spectrophotometers with slit widths approximating the
10- and 20~ nanometer slits used on the NBS General Electric spectro-
photometer. Some of these values have been published (13).

The most suitable didymium glass for the purpose) considering
type of curve and availability, is a Corning 5120 glass of 3.0 mm
thickness, While it is not known how much the wavelengths of maximum
absorption of this 5120 glass might vary from melt to melt, glasses
from at least three melts have been measured, and there has never been
any certain variation among the samples tested. For much work it is
probably safe to.use the values given in table 2,

Table 2, Wavelengths of maximum ébsorption for Corning 5120 glasses
of 3.0 mm thickness as gbtained at the National Bureau of
Standards for the slit widths indicated.

Wavelength Approximate Spectrum
of Interval

Maximum Absorption Iransmitted by Slits
(nm) (nm)
441.0 10
475.s 10
528.7 10
585.0 10
684.8 10
743.5 10
745, 20
808. 20
883, 20
1067, 20

For those who wish greater certainty, however, the Bureau has
obtained a supply of Corning 5120 glass in 2-inch polished squares
and of 3.0 mm thickness. These are measured and the values reported
in accordance with NBS test fee schedule 202,105, items d to f£. The
measurements consist of recording a curve of the test glass on the
same sheet as the curve of the NBS standard glass and deriving values
of the wavelengths of minimum transmittance of the former relative to
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those of the latter. The over-all uncertainties of the values so
reported are considered to be not greater than +1 nm from 441.0 nm
to 743.5 nm, and not greater than +2 mm from 745 to 1067 nm.

Methods of use of a calibrated didymium glass on a G. E. recording
spectrophotometer are described in references (1), (10), and (13).

2,2,2, Cary Model 14 recording spectrophotometer.

The NBS holmium oxide glass standards were carefully calibrated
by using a Cary Model 14 recording spectrophotometer, the wavelength
indicating dial of which had previously been calibrated by means of
a number of sources having wavelengths throughout the ultraviolet and
visible spectral regions. Measurements of the wavelengths of minimum
transmittance were made as functions of slit width over the range 0.06
to 5.0 nanometers of spectral width. Eleven sharp absorption bands
were found to be sufficiently symmetrical that the wavelengths of
minimum transmittance indicated by the recorder remained constant for
slit widths up to about 2 nanometers.

The most suitable holmium oxide glass for the purpose is a Corning
3130 glass of approximately 2,5 mm thickness. It is not known how much
the wavelengths of minimum transmittance of this 3130 glass might very
from melt to melt, It is known that, for some 3130 glasses, the absorp-
tion of the base glass prevents the use of the glass for wavelength
calibration in the ultraviolet near 241 nanometers. For much work it is
probably safe to use the values given in the following table.

Wavelengths of minimum transmittance for Corning 3130
glasses of 2.5 mm thickness as obtained at the National
Bureau of Standards for slit widths less than 2 nm.

Useful wavelengths Useful wavelengths
between 240 and 370 nm between 360 and 650 nm
241,5 360.8
279.3 385.8
287.6 418.5
333.8 453.4
360.8 459.9
536.4
637.5

For those who require that the base glass of the standard transmit
sufficiently for the standard to be useful at 241 nanometers, the
Bureau has obtained a supply of Corning 3130 glass in 2-inch polished
squares and of 2.5 mm thickness. These are measured and the values
reported in accordance with NBS test fee schedule 202.105, items g to i.

62



The measurements consist of recording a curve of the test glass on
the same sheet as the curve of the NBS standard glass and deriving
values of the waveleng.'s of minimum transmittance of the former
relative to those of the latter. The over-all uncertainties of the
values so reported are considered to be not greater than + 0.5 nm,
The present supply of holmium oxide glass contains striae, and in
some cases strains, which have not appreciably altered the wave-
lengths of minimum transmittance,

The methods of use of a calibrated holmium oxide glass on a
Cary Model 14 recording spectrophotometer are similar to those
described in references (1), (10), and (13) relating to the method
of use of a didymium glass on a G, E. recording spectrophotometer.
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I. Introduction

Optical transmittance is due to an intrinsic property
of matter and characterizes a particular transparent
material. Since this parameter is not known a priori, it
must be determined by experimental procedures.

True transmittance values can be obtained only by
using accurate measuring techniques and by taking
into consideration all factors which can affect and dis-
tort the data.!

* The optical transmittance of a solid material includes the reflection losses which occur
at the air-solid interface.
internal tranamittance is Befined aa the transmittance of the material corrected for
reflection losses (2). internal can be d in from the
!nnlmmulce by using the well known Fresnel equations (1, pp. 98 to 100).
For the R, for a material with an index of refraction, n,
and an absorptivity, a, at wavelength, A, is given through:
{m-1)+ntaf
(m+1)*+nt af
For a nonabsorbing material and collimated radiation:
Llm—ny
(m+ 1)
For glass, n is approximately 1.5 in the visible region of the spectrum, and R will be about
4 percent at every sir-glass interface.
‘When noncollimated radiation is used:

_tint (a— )
Aosint(a+ B
and
tan® (a—B)
ant la+ph

for perpendi P

Ri=

for parallel polarized radiation, where a and 8 are the angles of incidence and refraction,

respectively.
{n collimated radiation and in air, =8 =0 and R* =R"=R.

spectrophotometer; instrumentation, spectrophoto-

high accuracy; standard reference material in spectrophotometry;

Transmittance is the ratio of two radiation flux in-
tensities. It is therefore necessary that the photometric
scale of the spectrophotometer used to perform the
measurements be accurate. The transmittance of a par-
ticular material is also a function of wavelength; hence
the wavelength scale of the monochromator should also
be accurate, and appropriate spectral bandpasses
should be used. The measurements should be made
using collimated radiations. Such radiations define un-
ambiguously the actual path length through the trans-
mitting medium, the reflection losses, and eliminate
the effects of polarized radiations that are produced at
the surface of the sample. Other important factors
which must be considered are: homogeneity and sta-
bility of the sample, radiation scatter inside the sample,
interference phenomena, stray radiation, polarization,
fluorescence, temperature, particulate matter, and sur-
face conditions. Since transmittance measurements
depend on a diversity of factors, meaningful values can
be obtained only by defining the experimental condi-
tions for obtaining transmittance data [1, 2].2 Spectro-
photometers are used to perform two types of meas-
urements:

(1) Quantitative determination of chemical species
using the relation between optical transmission of the
material. and the concentration as a measuring param-
eter. Under these circumstances, the photometric scale

2 Figutes in brackets indicate the literature references at the end of this papet
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of the spectrophotometer is calibrated in meaningful
units, using a series of referenc~ golutions having
known concentrations of the species to be determined,
rather than values of optical transmittance.

The accuracy of the measurements is related solely
to the accuracy with which the concentration of the
reference solutions is known and to the precision (sta-
bility, sensitivity, reproducibility) of the spectrophoto-
metric method and instrument used. The accuracy of
the photometric scale per se, is not a critical factor in
such measurements. ‘

The precision, stability, and reproducibility of the
instrument can be checked before each series of meas-
urements by careful use of solid or liquid reference
filters having well established transmittance” values.

(2) Determination of the optical transmission char-
acteristics of solid or liquid materials, and the determi-
nation of molar absorptivities of chemical compounds.
In both cases the accuracy of the photometric scale of
the measuring instrument, among other things, is
essential 10 provide true values. Ways to establish
and check this important parameter are critically
needed.

Since conventional spectrophotometers do not pro-
vide means to check photometric accuracy or to
evaluate the possible sources of systematic errors, it
was decided in 1969 to design and construct a re-
search spectrophotometer on which transmittance
measurements could.be performed with well defined
accuracy. Such an instrument would be used to deter-
mine optical transmittance of selected solids and
liquids at various wavelengths. These materials can be
used as standard reference materials (SRM’s) to check
the accuracy of the photometric scale of conventional
spectrophotometers. The same certified SRM's could
likewise be used to monitor the precision, stability,
and reproducibility of those instruments [3, 4).

After a comprehensive examination of the literature
in this field [5 to 34] arranged in chronological order,
an instrument was developed which is similar in
principle’ to the instrument at the National Physical
Laboratory (NPL), Teddington, England, where a long
tradition of high accuracy spectrophotometry exists.
The instrument described in this work performs:
measurements of radiant energy in the visible and
ultraviolet region of the spectrum, with well established
and high photometric accuracy. Transmittance meas-
urements on solids and liquids can be made with this
instrument using collimated as well as noncollimated
beam geometry. The wavelength accuracy and spectral
bandpass achievable are adequate to avoid degrada-
tion of photometric accuracy, and the other inter-
ferences mentioned have been given careful considera-
tion, and, in most cases, have been assessed quan-
titatively. .

The transmittance measurements on the optically
neutral glass flters discussed in this work have been
made with a noncollimated beam geometry correspond-
ing to an aperture of about f:10. The image of the exit
slit of the monochromator (8 mmx0.5 mm) was
produced at the center of the entrance face of the

filter. All measurements have been made against air
for the nonattenuated radiation flux, and no correc-
tion for reflection losses was made. Transmittance
measurements made with noncollimated radiation by
projecting the image of the exit slit of the mono-
chromator on the entrance face of the sample using an
opening of £:10 (total angle of about 7° or 8°), may
differ by several parts in 10* of the value when com-
pared with similar measurements made with colli-
mated ‘radiations, as indicated in this Journal by
K. Mielenz. ' ’

Noncollimated beam geometry was applied in this
work to approach the measuring conditions used in
most of the conventional spectrophotometers which
are available today. A brief description of this instru-
ment was given earlier in reference [3]

Il. Description of the Instrument?

The high accuracy spectrophotometer, completed
and tested in 1970, is a single beam instrument which
contains the following components: (a) a constant
radiation source, (b) a monochromator, (c) a sample
holder, (d) a system to check the accuracy of the
photometric measurements, (e) an integrating sphere
attached to a photomultiplier-digital voltmeter unit,
and (f) the data presentation system. Figure 1 illus-
trates schematically the arrangement of these various
components. A circular neutral wedge is placed after
the light source to select various levels of radiation
intensities required for measurements. A description
of the. components iz presented in the following
sections. :

a. The Radiation Source. Since the instrument is
a single-beam type, it is essential that the radiation
source be constant and homogeneo Additional
desirable conditions are: capability of monitoring the
current supplied to the source and radiation similar
to that from a Planckian radiator. The source is
similar in design to that developed and used at NBS
by H. J. Kostkowski and R. D. Lec of the Institute for
Basic Standards. This source was duplicated in our
instrument with the kind assistance of its developers.

The source is used in the spectral range 360 nm to
800 nm and consists of a tungsten incandescent fila-
ment lamp with a tungsten ribbon 8 mm long by 2 mm
wide. The connections to the lamp terminals are
soldered to minimize contact problems (see fig. 6).
The direct current required to operate this lamp at
approximately 3000 K is 18 A across a 6 V drop;
our source is operated at 5 V and 15 A. The d.c.
power supply is capable of delivering 15 V and 50 A,
and can be operated in constant current or constant
voltage modes. To achieve the constant current mode
an external sensing resistor of 0.1{} and 50 A and
a current control circuit are placed in series with the
power supply. A feedback voltage across this resistor
is connected to the sensing system. The character

2 The commercial instruments and parts used in the
eter are identified in the addendum. ‘

of the h
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FIGURE 1. Principle of the single beam high accuracy spectrophotometer. The aperture unit is placed on the optical bench only when linearity
measurements are performed.

istic of this function is the ability to automatically
change its output voltage to maintain a constant
current to the load resistor, which, in our case, is
the lamp source. The nominal current regulation
obtained is better than 0.01 percent, and the stability
over an 8 hour period, at constant load temperature,
is better than 0.02 percent. The stability of the current
delivered to the lamp is monitored with a high accuracy
potentiometer used in conjunction with a null meter.
This meter is sensitive to variations in the current
supplied to the lamp from 1 part in 1000 to 1 part in
1,000,000 per division (fig. 1 and fig. 14). The po-
tentiometer is connected to the current source across
f resistor (0.01(} and 100 A) placed in series with the
amp.

The demagnified (2 to 1) image of the ribbon fila-
ment is projected on the entrance slit of the pre-
disperser by a fused quartz (nonfluorescent SiO;)
lens whose focal distance is 254 mm and diameter is
44 mm. This and the other lenses used in the optical
system, were calculated by K. Mielenz of the Institute
for Basic Standards at NBS. The lenses are mounted
in carriers which permit orientation in any position.
A cireular neutral wedge is placed between the light
source and the predisperser. This wedge, evaporated
inconel on a fused quartz disc (150 mm diam), is linear
in density and provides a light attenuation of 100 1w 1.
The wedge is motor driven {1 rev. per s) to select
proper radiation intensity levels as required by the
measurements (figs. 2, 3, and 4). The radiation source
used for measurements in the ultraviolet region to
275 nm 1s a single coil tungsten-bromine incandescent
lamp (fig. 5) supplied by an adequate power source;
below 275 nm, a deuterium discharge lamp is con-
templated.

b. The Monochromator. The monochromator is a
1-m Czerny-Turner type grating instrument with a
dispersion of 0.8 nm/mm. The flat grating has 1200
grooves per mm covering a surface of 100 x 100 mm.

The monochromator is provided with a predispersing
attachment to reduce the stray light (fig. 3). This pre-

General views of the spectrophotometer. Rear: optical
bench carrying the tungsten-halogen radiation source used for
3 fall

FIGURE 2.

checking the al t of optical comp d by a quartz
lens, the circular quartz neutral wedge, and a flat mirror. Left:
the 1-m Czerny-Turner graiing monochromator (the predisperser
is not illustrated here). Front: optical bench carrying a quartz
lens, the single-sample and blank carriage, a second quartz lens,
and the integrating sphere with the photomultiplier housing.
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FIGURE 3. Close view of the tungaten ribbon filament lamp on its
adjustable holder, followed by The quartz lens— circular neutral
wedge assembly, and by the flat mirror in its adjustable holder.
The 30° quartz prism Littrow-type predisperser is located at the
entrance slit of the 1-m grating monochromator. Extreme left:
neon gas laser used to check the optical alignment, and mercury
discharge lamp for wavelength ecalihration When in use, the
tungsten ribbon lamp is sutrounded by an enclosure with black
walls (50 cm x 50 cm x 70 cm high). Rear: enclosure containing the
optical units illustrated in figure 2.

disperser is a small quartz prism monochromator
connected to the scanning system of the 1-m instru-
ment. A wavelength counter permits readings to
0.1 nm and the scanning speed can be varied from 0.05
nm to 200 nm/min by a 12 speed synchronous electric
motor. :

The optical components are placed on precision lathe
bed type optical benches which are 160 and 120 cm
long, and are equipped with appropriate carriers
provided with x-y-z adjustments.

c. Sample Qarrying Systems. The spectro-
photometer is provided with two sample carrying sys-"
tems. One system measures one sample and its blank,
while the other system permits sequential measure-
ments for seven samples and eight reference reading
positions against air, and can be operated manually
or automatically through a computer interfaced
with the instrument.

The single sample carrving unit consists of a plat-
form provided with two vertical holders which can
accept $-in (14 mm) rods and a variety of sample
supports (fig. 2). These holders can be moved laterally
through a rack and pinion arrangement. The platform
is mounted on 4 ball bushings which ride on two
horizontal rods and can be moved pneumatically
across the optical axis. The pneumatic operation was
recommended by G. E. Moore and J. T. Sterling of
the Institute for Materials Research at NBS and
by L. Owen, a guest worker at NBS. The travel dis-
tance is 8 in (20 cm) and the linear movement is
smooth; the position of the platform and the sample
in and out of the optical beam, can be reproduced
within 0.025 mm. This unit is illustrated in fzurc 2

....... This unit is ilustrated in fgurc 2

TS anaustr
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FIGURE 4. Close view of the circular, neutral wedge. The front plate
which carries the fused silica lens was removed to show the fused
silica disc with the evaporated metal layer.

and is located between the two quartz lenses. The
sample holder is designed to accept conventional
solid or liquid filter holders which fit most spectro-
photometers. These holders are provided with a
thermostating jacket, and can be rotated in the
horizontal plane through a 10 ¢m diameter rotating
table.

A filter holder which permits the rotation and
scanning of the sample in the x—v direction is also
available (fig. 7). It is provided with micrometer
screws having a total linear motion of 25 mm with
0.01' mm per division. The seven-sample carrying
unit is illustrated in figures 8 and 9 and consists
of a semicircular aluminum-alloy plate placed hori-
zontally on an appropriate carrier on the optical bench
along the optical axis. This plate, which is 32 cm in
diameter and 2.5 cm thick, can be rotated clockwise
through a pneumatically operated precision ratchet
system in increments of 12°. The stepwise rotation
utilizes a solenoid valve which is operated electrically
by a switch located outside the enclosure. This
switch can be operated manually or automatically by

nnnnnn el VAN
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FIGURE 5.

Single coil tungsten halogen lamp in the adjustable
holder.

The semicircular plate carries seven sample holders
similar to those used for the single sample system
described earlier. The holders are placed at 24°
intervals and are separated by blank spacings. About
1 atm of air pressure is used to operate the plate and
the rotation is set at 2 s per 12° step when the auto-
matic computer operating mode is used.

d. Systema to Check the Accuracy of the
Photometric Reading. Since the high accuracy
spectrophotometer is single beam, accurate photo-
metric data are obtained when there is a linear relation
between the measured radiation flux and the corre-
sponding response of the photodetector.

Linearity of photodetectors can be measured by
several mcans: the inverse square law {7, 15]; the use of
optical elements having a known transmittance which
can be determined by other means [17} and the light
addition principle of Elster and Geitel using a plurality
of light sources [5, 6, 8, 9, 10, 13, 18, 19, 20, 28, 31, 33,
34] or multiple apertures [11, 12, 14, 16, 21, 23, 25, 26,
27, 30]. A novel approach to the problem of accurate

FiGURE 6. The tungsten ribbon filament lamp in the newly designed
adjustable holder. I'he platform which carries the lamp is similar
to that described in figure 5 and can be oriented in the horizontal
plane through the six screws spaced around the edges of the
platform at 60° intervals. Three screws push the platform while
the other three pull.

The current-supplying wires are soldered directly to the lamp
terminals to eliminate contact problems.

photometric measurements was described by O. C.
Jones and F. J. J. Clarke [24, 29} and by F. Desvignes
and J. Ohnet [32]. A critical discussion of some
aspects of accurate spectrophotometry will be found
in an NBS manuscript by Gibson and associates [22].
The radiation addition principle, using two apertures
with one source of radiation, was chosen for our work.
The aperture method for checking the linearity of
photometric data was in use ar the National Physical
Laboratory from about 1930 onwards, and one form of it
was described by Preston and Cuckow [11] in conjunc-
tion with a single beam spectrophotometer, using a
five aperture screen. One year later, Ruchmiiller and
Konig [12] described and used a two aperture unit. At
NBS, Barbrow ['4] used a 10 aperture arrang~ment,
while Harding [16] and Cordle and Habell [25] a» NPL
described a two aperture system. Multiapertures were
used by Hoppmann [21], Bischoff [23), Sanders [26]
and Nonaka and Kashima {27]. Finally, Clarke [30]
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FIGURE 7. Same as figure 2 exéept tor the sample holder which
in this case is capable of rotating the sample 360° and to displace
it in the x-y direction through the micrometer screws.

Ficure 8. Circular platform carrying seven filter holders. The 15
position switches (7 sample positions and 8 blank positions} are
visible along with the two quartz lenses. The exit slit -of the
monochromator is at left.

discussed in detail the use of a two aperture system to
check the accuracy of photometric data obtained on the
spectrophotometer at NPL. It is this two aperture
system which is used at NBS.

The two aperture unit consists of a metal plate
(130 mm by 100 mm) containing two rectangular

FIGURE 9. Same as figure 8. The pneumatic cylinder which rotates
the circular platform through a ratchet mechanism is visible at
the rear of the platform. The integrating sphere with its pneumatic
shutter is seen at right.

FIGURE 10. Same as figure 2. In this case the dual-aperture unit
for linearity control is located on the optical bench after the exit
slit of the monochromator.

windows, A and B, (20 mm by 8 mm) located one above
the other (figs. 10, 11, 12). Each aperture can be closed
by a light-tight shutter which is operated pneumatically
by remote control (fig. 14). The aperture plate is placed
in the optical path after the exit slit of the mono-
chromator and within the optical solid angle of the
instrument. The image of the apertures is then pro-
jected on the target of the integrating sphere. A fused
quartz lens with a focal distance of 190 mm and a diam-
eter of 60 mm is used for this purpose. The arrange-
ment is illustrated in figure 10. No optical element
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FicURE 1). Detail of the dual-aperture unit showing its construc-
tion and the pneumatic system which operates the two shutters.
Ose apeiture is vpen, the vthier is civscd.

should be placed between the aperture plate and the
monochromator. The linearity check consists of
measuring the photocurrent produced when aperture
A is open then closed, and then aperture B is open and
then closed. The value of (4)+(B)is compared with the
values obtained with both apertures (4 + B) open. If the
system is linear these two values should be identical:

(A)+(B)=(A+ B).

If this is not the case, the system shows nonlinearity
which ie proportional to the amount by which the
sum of (4)+ (B) differs from (4 + B). This difference is
then used to correct the transmittance values measured
on the solid or liquid filters.

e. Integrating Sphere and Photomultiplier
Arrangement. The radiations emitted from the exit
ghit of the monochromator and passing through the
aperture or the filier are received on the target of the
integrating sphere. This sphere is illustrated in
figures 2, 7, 9, and 10. A block of aluminum made
from identical halves was cut te produce a half sphere
in each block. The halves were joined together to form
a hollow sphere. Its diameter is 125 mm and a target,
made from a circular plate, 35 mm in diameter, is
located at the center of the sphere. The front surface
of the sphere has a 20 mm diameter opening. This
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FIGURE 12.

Front view of the dual-aperture unit, with both
apertures open.

opening can be closed by a shutter which is operated
remotely by a pneumatic system. A 50 mm diameter
opening is at the opposite end to which the housing of
the photomultiplier is attached by an “O” ring to pro-
vide a lighttight joini. The inside of the sphere is
coated using a suspension of BaSOs; the outside is
painted black.

Under these circumstances the sensitive surface of
the photodetector receives the radiations originating

‘from the exit slit of the monochromator only after

these radiations have undergone 